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ABSTRACT 


Experimental results of compatibility screening studies of 100 salt/ 
containment/thermal conductivity enhancement (TCE) combinations for the high- 
temperature solar thermal application range of 704° to 871 °C (1300° to 1600°F) 
are presented. Nine candidate containment/HX alloy materials and two TCE 
materials were tested with six candidate solar thermal alkali and alkaline 
earth carbonate storage salts (both reagent- and technical-grade of each). 
Compatibility tests were conducted with salt encapsulated in -6.0-inch x 
1-inch welded containers of test material from 300 to 3000 hours. 

Compatibility evaluations were end-application oriented, considering the 
potential 30-year lifetime requirement of solar thermal power plant 
components. Analyses were based on depth and nature of salt-side corrosion of 
materials, containment alloy thermal aging effects, weld integrity in salt 
environment, air-side containment oxidation, and chemical and physical 
analyses of the salt. 

A need for more reliable, and in some cases first-time-determined, 
thermophysical and transport property data was also identified for molten 
carbonates in the 704° to 871°C temperature range. In particular, . accurate 
melting point (mp) measurements were performed for L^CC^ and Na 2 CC >3 while 
melting point, heat of fusion, and specific heat determinations were conducted 
on 81.3 weight percent Na2C03-18.7 weight percent K^CO^ and 52.2 weight 
percent BaCQ3-47.8 weight percent Na 2 CC >3 to support future TES system design 
and ultimate scale-up of solar thermal energy storage (TES) subsystems. 
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EXECUTIVE SUMMARY 


The objectives of this thermal energy storage program were to a) select 
and screen the materials compatibility of reagent- and low-cost technical- 
grade alkali and alkaline-earth carbonate salt phase-change materials (PCM), 
containment materials, and thermal conductivity enhancement (TCE) materials 
for use in high-temperature (704° to 871 °C) thermal energy storage (TES) 
systems utilizing advanced solar-thermal power generation concepts and 
b) identify carbonate salt PCM thermophysical and transport property data 
requirements and perform measurements accordingly to support system design and 
scale-up of solar thermal TES subsystems. The work performed to achieve these 
objectives is described in two tasks. 

Task 1 . Materials Compatibility Testing 

This section presents the materials selection, testing matrix, 
procedures, and materials compatibility evaluations of 100 salt/contain- 
ment/TCE materials combinations performed in '-6-inch x 1-inch test capsules at 
operating test temperatures of 750° to 910°/950°C (1380° to 1670°/1740°F) . 

Nine candidate containment alloy materials and two TCE materials were tested 
with six candidate solar thermal carbonate storage salts (both reagent- and 
technical-grade) . 

Containment alloy testing emphasized a "core” group of materials, which 
included — 

• AISI 304 stainless steel 

• AISI 316 stainless steel 

• AISI 310 stainless steel 

• Incoloy 800 

• Inconel 600. 


Testing was also conducted on aluminum oxide-forming alloys with selected 
salt mixtures depending on timely availability of samples and suitable capsule 
fabrication. These alloys included — 

• Armco 18SR/Armco 12SR 


• Kanthal A-l 
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• Aluminized AISI Type 304 stainless steel 

• Aluminized AISI Type 316 stainless steel. 

TCE materials evaluations were performed with high-conductivity copper 
(in both a solid and a powder metallurgy porous matrix material) and graphite 
(pyrolytic and ATJ grade) products in a capsule of molten carbonate with an 
inert gas environment (argon) maintained above the melt. 

Six candidate carbonate PCM salts were investigated for high-temperature 
TES applications. Emphasis was given to salt compositions based on 1.12003, 
Na2C03, and K2CO3 from which congruent melting carbonate mixtures are 
available covering the temperature range of 397° to 898°C (747° to 1648°F). 
Reagent- and technical-grade (low-cost) versions of the candidate salts were 
employed for each "core” material test. 

From this study, Incoloy 800 emerged as the best overall containment 
material during 800 to 3000 hours of testing in molten carbonates at 750° to 
950°C. Effective medium-term containment may be more economically achieved 
with 316 SS or a modified, sigma-phase-free 310 SS. 

Aluminum-oxide forming alloys [especially Kanthal A-l (5.5 weight percent 
Al) and Alonized AISI 304 and 316 SS] demonstrated enhanced compatibility and 
are therefore attractive for containment of carbonates for high-temperature 
solar thermal power applications. 

Copper and ATJ graphite demonstrated excellent compatibility in 
carbonates from 750° to 910°/950°C for up to 2700 hours. Pyrolytic graphite 
was found to be more chemically reactive and unstable. 

The PCM salts themselves demonstrated excellent chemical and thermo- 
physical stabilities with 1 to 5 free-cool thermal cycles for up to 3100 hours 
at 750° to 910°C. Technical-grade versions of the six salts generally 
exhibited a slightly higher, though neither prohibitive nor life-limiting, 
corrosive behavior with time than their reagent-grade counterparts. 

Long-term containment of molten Na2C03 and K2CO3 for storage applications 
above 900°C represent a considerable materials challenge requiring additional 
development and testing. It is recommended that further investigations focus 
on high-temperature materials research involving chemical alloying modifi- 
cations of AISI 310 SS (decrease sigma-phase susceptibility) and aluminum- 
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oxide-forming materials through alloy and/or coatings development efforts to 
improve corrosion resistance and to define fabrication and welding require- 
ments. Long-term (>8000-hour lab tests) corrosion compatibility and thermal 
cycling tests of salt/carbonate containment for TES applications in the 750° 
to 910°C temperature range should also be performed. 

In addition, generic research into other TES media and subsystem heat 
exchange schemes (that is, direct-contact) should be pursued, which may 
potentially offer further energy, cost, and performance benefits over current, 
state-of-the-art molten salt TES systems for applications in the elevated 
temperature regime of 750° to 950°C. 
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DETAILED DESCRIPTION OF TECHNICAL PROGRESS 


Background and Introduction 

Advanced concepts for the conversion of solar thermal energy to electri- 
cal power include large central receiver systems employing a closed Brayton 
power cycle, as well as small, dispersed power systems with Stirling, Rankine, 
or Brayton heat engines. To obtain high conversion efficiencies, these 
systems are being designed to operate in high temperature regimes of 700° to 
1090°C (1300° to 2000°F).*»^ Thermal energy storage subsystems are desirable 
in these applications to provide energy to the turbine or heat engine during 
periods of low solar insolation — early morning and late afternoon — as well 
as during periods of cloud cover. Latent-heat storage is particularly 
attractive because of its potential for attaining high energy densities 
(resulting in decreased system mass, volume, and cost) and absorption and 
release of heat over a narrow temperature range. 

The Institute of Gas Technology (IGT) has been investigating the 
feasibility of using molten carbonates as latent-heat, phase-change materials 
(PCM's) for storage applications since 1976. The attractive properties and 
stability of alkali carbonates for use in the 450° to 540°C (850° to 1000°F) 
temperature range were demonstrated under ERDA Contract No. EY-76-C -02-2888, 
"Molten Salt Thermal Energy Storage Systems."'* Continued work under the DOE- 
funded NASA Contract NAS3-20806, "High-Temperature Molten Salt Thermal Energy 
Storage Systems,"^ emphasized cyclic endurance testing of an 8-kWh^ 
engineering-scale thermal energy storage (TES) module containing an alkali 
carbonate mixture in the 480° to 540°C (900° to 1000°F) range, screening of 
candidate carbonate mixtures having melting points between 660° and 890°C 
(1225° and 1636°F), and evaluation of thermal conductivity enhancement (TCE) 
materials In laboratory-scale TES modules (<1 kWh t ^ capacity). A limited 
amount of work was also conducted in the latter program to identify limita- 
tions of handling representative high-temperature fluoride and chloride salts. 

At temperatures below approximately 650°C (1200°F), carbonates can be 
handled very easily and safely, and Type 316 austenitic stainless steel (SS) 
is compatible with molten salts for extended periods of time (5650 hours, 130 
cycles between 480° and 540°C). In the recently concluded work under 
Contract NAS3-20806,^ Type 316 SS was generally satisfactory for containing 
high-temperature carbonates for short-term screening purposes (350 to 1000- 

1 


N S T I T U T E 


0 F 


GAS 


TECHNOLOGY 



hour exposures). However, metallurgical analyses of Type 316 heat exchanger 
(HX) tubes exposed to L^CC^ and Na 2 C 03 at 704° to 907°C (1300° to 1665°F) for 
several hundred hours revealed formation of an outer, porous hot-corrosion 
layer and subscale carburization of both the bulk grains and the grain 
boundaries as a result of salt interactions. Air-side oxidation of the HX was 
also observed. In addition, precipitated particles of brittle intermetallic 
sigma phase were observed throughout the bulk stainless steel matrix. Sigma- 
phase formation, which results from prolonged high-temperature exposure and 
not from salt corrosion, is deleterious to the strength and related mechanical 
properties of the stainless steel. Thus, selection and testing of alternate 
containment/HX materials was clearly required, not only on the basis of salt 
compatibility, but also based on the physical and microstructural stabilities 
of those alloys at high temperatures for extended periods (anticipated 25 to 
30-year solar plant lifetime). 

In light of these findings, the overall objective of the current program 
was to further develop latent-heat, PCM/TES technology through the selection 
and compatibility screening of carbonate/containment HX/TCE materials to 
satisfy the high-temperature [704° to 871°C (1300° to 1600°F)], TES require- 
ments of advanced solar thermal power generation concepts. The program 
objectives were accomplished through the following task structure: 

Task 1 . Materials Compatibility Testing 

The specific objectives of this task were to — 

• Select six candidate latent-heat alkali/alkaline earth carbonate storage 
salts, five containment/HX materials, and two thermal conductivity 
enhancement materials having the potential of satisfying the performance, 
cost, and lifetime goals of advanced solar-thermal TES concepts in the 
704° to 871°C (1300° to 1600°F) temperature regime. 

• Perform compatibility screening tests of candidate salt/containment/TCE 
materials to identify the most functionally promising combinations. The 
screening tests were performed in two phases. 

• Evaluate the effects of using low-cost technical-grade salts on corrosion 
and stability of containment and TCE materials. 

These objectives were accomplished through the screening of nine poten- 
tial containment/HX and two TCE materials with six candidate solar thermal 
carbonate storage salts. Compatibility evaluations were end-application 
oriented, with particular emphasis placed on a material's long-term (30 years) 
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functionality potential in light of the corrosion mechanisms observed in 
"welded-capsule" testing. 

1.1. Materials Selection 

Salt Selection 

In this effort, IGT sought to explore and develop alkali/alkaline earth 
carbonate salts as TES phase-change materials in the 704° to 871 °C (1300° to 
1600°F) temperature range. These salts were selected on the basis of the 
desirable physical properties, thermal performance, and endurance/stability 
exhibited by these materials in previous programs at IGT.^ ,i!t Table 1 contains 
a listing of the carbonate mixtures originally identified and studied under 
Contract No. NAS3-20806 as viable candidates for Brayton or Stirling solar 
power system TES applications. Table 2 includes pertinent property data and 
experimentally determined thermal discharge characteristics. 

Final candidate salts were selected for these screening tests primarily 
on the basis of- — 

• Energy density 

• Cost 

• Melting/solidification temperatures 

• Thermal cycling performance and endurance in laboratory-scale TES modules 

• Vapor pressure and high-temperature stability 

• Salt impurity levels 

• Toxicity, safety, hygroscopicity , and handling considerations 

• Volumetric expansion on melting 

• Heat capacity. 

From the carbonate mixtures originally identified and studied under 
Contract No. NAS3-20806 as viable candidates for solar power system TES 
applications, the six candidate carbonate salt compositions shown in Table 3 
were selected for reagent- and technical-grade salt materials compatibility 
testing. The solidification points of these salt mixtures span the tempera- 
ture range of 686° to 891 °C (1267° to 1636°F), with technical-grade salt costs 
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Table 3. CANDIDATE ALKALI /ALKALINE EARTH CARBONATE PCM MATERIALS 



Composition, wt % 

Reported 
Melting Point 
°C (°F) 

Observed 

Solidification 

Range 

°C ( °F) 

l 

* 

Cost 

($/lb) 

1 . 

52. 2BaC0 3 -47. 8Na 2 C03 

686 

(1267) 

717 - 712 
(1323) - (1314) 

0.23 

(0.10) 

2. 

50. 0Na 2 C03-50. 0K 2 C0 3 

710 

(1310) 

708 - 700 
(1306)- (1292) 

0.29 

(0.13) 

3. 

Li 2 C0 3 

723 

(1333) 

734 - 730 
(1353)- (1346) 

2.65 

(1.20) 

4. 

8. 13Na 2 C0 3 -18. 7K 2 C0 3 

790 

(1454) 

- 74 0 

-(1364) 

813 - 742 
(1495)- (1368) 

0.15 

(0.07) 

5. 

Na 2 C0 3 

858 

(1576) 

868 - 862 
(1594)-(1584) 

0.06 

(0.03) 

6. 

k 2 co 3 

891 

(1636) 

916 - 912 
(1681)- (1674) 

0.51 

(0.23) 


Based on technical-grade salt prices listed in Chemical Marketing Reporter , 
March 16, 1981. 
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ranging from $0. 06/kg ($0. 03/lb) for Na 2 C 03 to $2. 65/kg ($1. 20/lb) for 
Li 2 C 03 . (See Figure 1.) 


Another important aspect of salt selection took into consideration the 
fact that the economic feasibility of latent-heat TES concepts is contingent 
upon low-cost storage salt materials and cost-effective materials of construc- 
tion. Therefore, one must evaluate the potential problems and limitations 
associated with using commercially available technical-grade carbonates. 

Table 4 is a listing of the pure alkali and alkaline-earth carbonates 
considered along with recent costs of each technical-grade salt in bulk 
quantities. 

Since potential technical-grade salt instabilities and impurity inter- 
actions with containment and TCE materials were of immediate concern, numerous 
companies were identified and contacted as prospective suppliers of technical- 
grade carbonates. Cost information and chemical and physical property speci- 
fications on the commercially available carbonates were procurred from the 
chemical companies listed in Appendix A. 

Regarding prospective technical-grade salt impurities, selection 
emphasized grades containing minimum chloride levels to reduce the risk of 
chloride stress corrosion cracking of containment alloys. Where possible, low 
sulfate levels were also sought. 

In view of these considerations, the companies listed in Table 5 were 
selected as suppliers of the respective technical-grade carbonate salts for 
the salt/containraent/TCE material screening tests performed in this program. 

Containment Materials Selection 

The selection of materials for containment and HX construction for 
advanced solar thermal TES applications in the elevated temperature regime of 
704° to 871 °C (1300° to 1600°F) was largely based on the need to improve long- 
term resistance to — 

• Corrosion by molten salts 

• Air oxidation 

• Interraetallic-phase precipitation, embrittlement, or other aging effects 

• Thermal cycling effects 
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Figure 1. ALKALI/ALKALINE EARTH CARBONATES AS PHASE-CHANGE 

TES MATERIALS 



Table 4. ESTIMATED COSTS OF TECHNICAL-GRADE ALKALI AND 
ALKALINE EARTH CARBONATES* 



Salt 

Description 

Cost 

$/kg 

* 

($/lb) 

1 . 

Li 2 C 03 

Powder, bags 

2.65 

(1.20) 

2. 

Na 2 C0 3 

Powder 

50.06 

(0.028) 

3. 

k 2 co 3 

Granulated, purified 

0.51 

(0.23) 


• 

Calcined 99% to 100% K 2 C0 3 

0.57 

(0.26) 

4 . 

MgC0 3 

Powder, bags 

1.17 

(0.53) 

5. 

CaCOo 

Ultrafine, USP bags 

0.18 

(0.08) 


•J 

Natural, dry-ground, air-floated, 





-325 mesh, bags 

0.02 

(0.01) 

6. 

SrC 03 

Glass-ground, bags 

0.62 

(0.28) 

7. 

BaCO^ 

Precipitated, bags 

0.46 

(0.21) 



Photo-grade, bags 

0.37 

(0.17) 



Electronics-grade, bags 

0.37 

(0.17) 


* 


Chemical Marketing Reporter , March 16, 1981. 
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• Bulk and grain boundary carburization 

• Interactions with working fluids (air, helium, and sodium) or their 
impurities . 

In addition to these chemical/therraal compatibility issues, mechanical 
properties of the candidate alloys were evaluated using available data to 
assure reliable structural compatibility for the proposed high-temperature TES 
applications. Properties that were evaluated in this context were — 

• Stress-to-rupture at elevated temperatures 

• Thermal cycling fatigue behavior 

• Weldability 

• Strain and thermal aging effects 

• Thermal expansion coefficients between 21° and 870°C (70° and 1600°F). 

Finally, factors such as materials cost, current and future availability, 
and ease of fabrication were also considered heavily in selecting candidate 
containments. 

Review of the carbonate/materials corrosion literature revealed a number 
of papers and reports investigating alloys used in carbon-, sulfur-, and 
chloride-containing atmospheres in heat treatment, combustion gas scrubbing, 
and energy conversion applications . 7”47 significant among the findings 
were — 

• The establishment of the electrochemical series in molten carbonates by 
Ingram and Janz (Table 6). 4 It was found that only gold and platinum 
are sufficiently "noble" to be immune from attack, so protection of other 
metals [in (Li/Na/K^CC^ ternary at 600°C] will depend on cathodic 
protection or on passivation. 

• Potentiostatic polarization studies of Janz and Conte [in (Li/Na/K^CC^ 
ternary (mp = 397°C) with CO 2 cover gas at 700°C ( 1292°F) ] found 
that Types 304 and 347 SS (niobium stabilized) passivate in molten 
carbonates. 

• Potentiostatic polarization studies of hot corrosion systems by Devereux 
and Owen [in molten Na 2 C 03 (mp = 858°C) with ambient air cover gas at 
940°C (1724°F)]*® found that Types 304 and 316 SS and nickel exhibit 
abrupt reduction of current with increasing anodic potential, which also 
is indicative of a passivation phenomenon (potential corrosion 
compatibility). 
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Table 6. SUMMARY OF ELECTROCHEMICAL DATA IN MOLTEN CARBONATES 

AT 600°C ( 1 112°F) 


Metal 

Electrode 
E°, V 

Potential 
E(10 _6 M), V 

Oxide Pressure 
Log (0 2 ) 

Oxide Precipitation 
pC0 2 

Ba(II) 

-2.90 

-3.42 

-56.86 

+5.50 

Li 

-2.87 

-3.91 

-54.90 

+6.09 

Ca 

. -2.59 

-3.11 

-65.20 

-2.27 

K 

-2.45 

-3.49 

-27.34 

+15.0 

Na 

-2.43 

-3.47 

-35.1 

+10.9 

Mg 

-2.41 

-2.93 

-60.80 

OO 

• 

CM 

1 

Mn 

-1.38 

-1.90 

-38.42 

-2.88 

Zn 

-0.89 

-1.41 

-31.02 

-4.79 

Fe(II) 

-0.66 

-1.18 

-24.70 

-4.34 

Co 

-0.39 

-0.91 

-20.88 

-5.52 

Ni 

-0.34 

-0.86 

-19.16 

-5.24 

Pt 

(+0.52) 

0.00 

+0.28 

(-5.24) 

Ag 

+0.55 

-0.49 

+2.48 

-4.50 

Au 

(+0.84) 

+0.49 

+9.4 

(-4.50) 
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• Contrary to Grantham,*^ who suggested that up to 500°C (932°F) austenitic 
stainless steels are satisfactory for molten carbonate containment, but 
at 600°C (1120°F) nickel-based alloys are required, IGT has demonstrated 
the compatibility of Type 316 SS with molten carbonates (Li/K CO3, mp = 
488°C) at 650°C (1200°F) for up to 10,000 hours (in molten carbonate fuel 
cells) with ~32y (~1.3 mils) corrosion in the cathodic current collector. 

• Alkali aluminates, particularly the meta-aluminates, namely, LiAK^, 
NaA102» and KAIO2 show remarkable chemical stability in alkali carbonate 
systems. Because of the stability of aluminates, they have been commonly 
used in molten carbonate fuel cells as high surface area support 
materials for electrolyte matrices. The formation reaction of alkali 
aluminates (using a-A^O^) — 

Al 2 0 3 (s) + M 2 C0 3 U) t 2MA10 2 (s) + C0 2 (g) (1) 

at 727°C (1341°F) has a AG of -54.5 kJ/mole for LiA10 2 and -14.7 kJ/mole 
for NaA10 2 and KAK^. Because of the considerably lower free energy, the 
formation of LiA10 2 is favored. sod LiAl0 2 Is stable over a wide range of 
carbonate compositions. * 39-43 Th USj aluminum oxide-forming 
materials, with A1 2 0 3 subsequently converted to alkali aluminate, should 
remain stable in carbonate environments. 

Table 7 contains a listing of stainless steels, nickel-base alloys, 
superalloys, and aluminum-containing compositions, which were evaluated as 
candidate TES containment materials. The companies listed in Appendix B were 
contacted as potential suppliers of these alloys and available mechanical 
property, current availability, and cost data were reviewed. 

From review and evaluation of the above mentioned literature data and 
consultations with Professor G. Janz of Rensselaer Polytechnic Institute and 
Professor R. A. Rapp of Ohio State University, it appeared that alloys forming 
Al20 3 ~rich protective films may be the preferred type of containment material 
for molten carbonates. The aluminum required to form these protective films 
can be provided either in the melted and cast alloy or by aluminized 
coatings. The more typical and widely available Cr20 3 -forming alloys should 
be avoided if a continuous supply of oxidizing species (0 2 , CO2, H 2 0, air) is 
maintained above the salt melt in the TES application. This is based on the 
fact that the protective films of LiA10 2 or NaA10 2 are relatively insoluble 
and protective when in contact with the alkali/alkaline carbonates. At 900°C, 
for instance, the solubility of NaA10 2 was established to be only 20 molar 
parts per million in molten Na 2 C0 3 , while Na2CrO^ is both liquid and 
completely soluble in Na2C0 3 at 900°C. On the other hand, in actual TES 
applications as heat exchanger tubes, these alloys may face hot air or steam 
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on the opposite face, and scales are very protective against corrosion 

under these conditions. 

Therefore, availability/cost/perf ormance trade-offs between chromium 
oxide- and aluminum oxide-forming alloys need to be considered in selecting 
corrosion-resistant, long-term containments for specific molten carbonate TES 
applications. Avoidance of alloys containing significant levels of silicon, 
titanium, or zirconium was recommended from the standpoint of elemental 
solubility and acidity of those elements relative to the basicity of the 
carbonate melts. At the same time, alloys containing high concentrations of 
cobalt or chromium were avoided due to the high cost and critical nature of 
these elements.^® 

Contact was also made with Alon Processing Inc. (Tarentum, Pennsylvania) 
regarding to state-of-the-art aluminum vapor diffusion ("alonizing") 
techniques for providing aluminized corrosion protection layers on containment 
materials. In the alonizing operation, aluminum is vapor diffused into a 
given metal surface through a pack cementation treatment in a sealed metal 
retort. The depth of diffusion varies from about 3 to 15 mils, depending on 
the nature of the alloy and the time and temperature of the treatment. Within 
a given pipe length, however, the depth of diffusion is expected to be 
extremely uniform, and quoted to be within ± 12. 7y (0.5 mils), with a "small” 
pipe-to-pipe variance. The metal in the diffusion zone has an average 
aluminum content of about 20%, but the alloy surface layer contains about 50% 
aluminum. The process has found broad application for heat exchanger uses in 
chemical plants and petroleum refineries because of the increased resistance 
of aluminized steels at high temperatures to corrosion by SO 2 , H 2 S, and other 
sulfur-containing gases. Due to the nature of the process, pipe and tubing 
can be aluminized on the inside or the outside only or on both surfaces. In 
general, the process may be considered where the corrosion resistance of alum- 
inum is desirable but its usage is restricted by its mechanical properties. 
Additional information and experimental literature regarding aluminum 
diffusion coating and cladding of metals was also reviewed and evaluated for 
possible application to containment and TCE materials. 

Based on the evaluation of currently available corrosion literature, 
mechanical property data, current availability, and cost, the following "core" 
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group of containment materials were selected for Phase I testing with each of 
the reagent- and technical-grade salt mixtures listed in Table 3: 

• AISI 316 SS; Fe-based (C^O^ former) 

• AISI 304 SS; Fe-based (0^03 former) 

• AISI 310 SS; Fe-based (0^03 former) 

• Incoloy 800: wrought Fe-Ni-Cr-based alloy (0^03 former) 

• Inconel 600; a wrought Ni-Cr-based alloy (0^03 former). 

Figures 2 and 3 provide comparative stress-to-rupture and scaling 
resistance, respectively, and Figure 4 illustrates costs (relative to 304 SS) 
as a function of nickel plus chromium content for the five "core" alloys (from 
$2. 36/kg for 304 SS to $26. 46/kg for Inconel 600). 

Aluminum oxide (Al203)-forming alloys were also investigated. Technical 
contacts were established at Armco Steel Corporation for obtaining samples of 
experimental alloys Armco 18SR and Armco 12SR. Special materials handling, 
preparation, and welding procedures were discussed and learned with regard to 
this family of alloys. 

Testing of the following containment materials was performed with selec- 
ted salt mixtures, depending on timely availability of samples and suitable 
capsule fabrication — 

• Armco 18SR/Armco 12SR: Fe-Cr-Al-based sheet alloy (AI2O3 former) 

• Kanthal A-l: Fe-Cr-Al-based cast alloy (AI2O3 former) 

• Alonized AISI 316 or 304 SS (AI2O3 formers): Postponed until Phase II 

testing; Section 1.4 due to shut down and process scheduling delays at 
Alon Processing Inc. 

Table 8 contains a summary of the above "core" and "supplemental" alloy 
compositions and costs. From the ternary phase diagram of Figure 5, it is 
observed that the candidate materials traverse^an "approximate iso-chromium" 
band (12% to 25%) from 0 (for Kanthal A-l) to 75 weight percent (Inconel 600) 
nickel. 

TCE Selection 

The need for TCE materials/configurations development arises from the 
fact that the thermal discharge performance of a TES subsystem is controlled 
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Figure 4. COST OF CANDIDATE TES CONTAINMENT ALLOYS 
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Figure 5. CANDIDATE TES HX MATERIALS REPRESENTED ON Fe-Ni-Cr 
TERNARY PHASE DIAGRAM [649°C (1200°F)] 










by the rate at which the latent heat-of-fusion released at the solid/liquid 
interface is transported to the heat exchanger surface (typically a tube) 
through the growing layer of solid "salt. Thus, TCE materials selection 
criteria include thermal conductivity, expected chemical compatibility with 
the carbonate environment, cost, availability, and ease of fabrication into a 
desirable TCE configuration. 

A listing of potential TCE materials is provided in Table 9. Although 
aluminum is very attractive as a TCE material because of its high thermal 
conductivity of 220 W/m-K (127 Btu/h-ft-°F) (approximately 100 times that of 
solid carbonates and 10 times that of austenitic stainless steels), it cannot 
be used for the 704° to 871°C (1300° to 1600°F) solar thermal TES applications 
because of its 660°C (1220°F) melting point. Copper also has a very high 
thermal conductivity of 178 Btu/h-ft-°F and a reasonable melting point 
(1083°C; 1981 °F) but is expected to oxidize in the carbonate TES environments 
with air cover gases. Although iron- and nickel-based materials are compati- 
ble at these temperatures, they are more costly and have much lower thermal 
conductivities than aluminum and copper, greatly reducing their attractiveness 
as TCE materials. Pyrolytic graphite is also reported to have a high thermal 
conductivity [208 W/m-K (120 Btu/h-f t-°F) ] , but again oxidation is expected in 
a high-temperature carbonate environment. Additionally, TCE concepts in the 
form of specially configured metal alloys or thin corrosion-resistant coatings 
applied to high thermal conductivity substrate materials were considered for 
possible carbonate TES applications. 

The testing of a 95 volume percent porous, open-celled structure of 
continuous aluminum TCE (brand named Duocel, Energy Research and Generation, 
Inc.) was performed in a (Li-Na-K^CO^ ternary eutectic (mp = 397°C) for over 
4000 hours at 450°C (840°F) under Contract No. NAS3-20806. Use of this TCE 
configuration resulted in a 45% increase in heat conduction through the solid 
salt to the air working fluid in lab-scale testing.^ 

Metal foam products of the type above are generally available in open- 
and closed-cell configurations. Because closed-cell foams lack the permeabil- 
ity required for PCM heat transfer applications, only open-cell structures 
were considered here. In general, open-cell foams may be prepared by electro- 
plating, powder metallurgy, or casting. 
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The first method is limited to relatively large pore sizes and metals 
that can be electroplated; such as copper, nickel, cobalt, or chromium. The 
powder metallurgical technique is limited in dimensions by the size of the 
high-temperature vacuum furnace used in the sintering process. Powder metal- 
lurgy is, however, able to prepare foams from a wide variety of metals, in- 
cluding copper, nickel, tungsten, molybdenum, tantalum, and superalloys. 

Also, foam samples with very small pore sizes down to 250ym (10 mil) can be 
prepared by this method. 

Both the electroplating and powder metallurgy methods start out with a 
matrix of organic foam, which is burned out during the process leaving hollow 
ligaments of triangular shape as connecting members. Depending on the 
porosity of the ligament walls, the interior volume of the ligaments may also 
be filled with PCM material. The casting process results in slightly more 
expensive solid ligament foam and is currently limited to metals with low 
melting points, such as aluminum or magnesium. 

A number of companies were contacted as suppliers of high-conductivity 
porous graphite (pyrolytic and Grade ATJ), pyrolytic boron nitride, copper, 
and nickel foam and reticulated mesh products. Their product line specifica- 
tions were reviewed and samples received. These companies appear in 
Appendix C. 

Consultations with Professor Rapp further confirmed the narrowed solar 
thermal (700° to 900°C) TCE selection to the testing of high-conductivity 
copper and graphite products in a capsule of molten carbonate with an inert 
gas environment maintained above the melt. 

A high-porosity [96% porosity, 25.4 pores per cm (10 pores per inch)], 
thick ligament [508y (-20 mils)] powder metallurgy copper matrix from Rocket 
Research Inc. was chosen as the preferred test sample due to the superior 
strength of its thick ligaments. Thick wall [760y (-30 rails)] copper tubing 
[0.31 cm (0.125 in.) 0D] was also obtained to evaluate both solid and reticu- 
lated versions of copper as a TCE material. 

Pyrolytic (PG) and ATJ graphite samples from Union Carbide were also 
selected for simultaneous (PG and ATJ) carbonate compatibility testing. 
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1.2. Test Matrix 


The matrix of test variables for the materials compatibility screening 
was developed on the basis of the general matrix pattern shown in Table 10. 

The overall matrix was to include six salt compositions, both reagent- and 
technical-grade salt components, at least five containment materials, two TCE 
materials, and a variable related to containment fabrication processing 
effects. 

The synthesis of this salt, containment/HX, and TCE materials selection 
subtasks resulted in the test matrix of Table 10. The 70 materials combina- 
tions represented by an "X" indicate the “core" matrix of capsules that were 
tested. The five main containment materials were tested with each salt 
mixture and grade, while copper and graphite were screened only with the 
technical grade of each of the salt mixtures. Supplemental testing was also 
conducted on Armco 18SR/12SR capsules with Kanthal A-l specimens inside. 

1.3. Compatibility Screening Tests 

Introduction 

After identification and procurement of candidate salt, containment/HX, 
and TCE materials, the materials combinations were subjected to the initial 
phase of compatibility screening tests. These tests were performed in closed, 
heli-arc welded capsules of the candidate containment materials containing the 
reagent- or technical-grade salts plus, in some cases, other candidate con- 
tainment materials or TCE materials coupons. 

We conducted as many compatibility screening tests as materials avail- 
ability deemed possible in sealed containment metal capsules, based on the 
observations made during high-temperature salt testing under NAS3-20806.^ 

Above 650°C (1200°F), it is advantageous to test salts in closed containers 
rather than open aluminum oxide crucibles in order to — 

• Prevent salt creepage and resultant cross-contamination between salts at 
the high test temperatures being investigated 

• Eliminate a continuous supply of oxidizing species or provide an inert 
(non-oxidizing) environment to minimize resultant containment/TCE 
corrosion 

• Eliminate the experimental difficulties associated with possible cracking 
failure of alumina materials during thermal cycling from high 
temperature. 
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In Inconel 600 capsule. 


Figure 6 schematically summarizes the general design and fabrication of 
the test capsules. Depending on availability of candidate material tubing, 
the capsules were nominally 2.54 cm ( 1 in.) in outer diameter (OD) x 12.7 cm 
(5 in.) long. 

Experimental Test Components: Salt/Containment/TCE Materials 

Preparation, Testing Procedures, and Data Collection 

Salt Preparation 

All reagent- and technical-grade carbonate salt mixtures underwent 
similar pretest preparation processes and preliminary evaluations as follows: 

• Weighing, mixing in a Norton Ball Mixer and final milling in a Sweco 
vibratory mill to -50 mesh particle size [<300p (11.8 mils)] 

• Mechanical cold-pressing of the salt mixtures into cylindrical pellets 
with the following nominal characteristics — 

— Height: 1.8 to 2.4 cm (0.7 to 0.93 in.) 

— Diameter: 2.1 cm (0.8125 in.) 

— Mass: 8 to 15 g (0.02 to 0.03 lb) 

— Density: 65% to 75% of theoretical 

• Individual volume change-on-fusion experiments and calculations to 
establish salt filling level in capsules and capsule surface/salt volume 
ratios (to result in a final welded capsule ~50% to 70% filled with 
molten salt). 

Cognizance of the total water content of these cold-pressed pellets is 
important from two operational standpoints: 

• Molten carbonate physical chemistry; possible hydroxide formation in the 
presence of H 20 (g) — 

M 2 C0 3 U) + H 2 0(g) * 2M0HU) + C0 2 (g) (2) 

2 

X P 
MOH C0 2 

with the hydrolysis constant, K, = - (3) 

"2 C0 3 H 2° 

• Gas-phase (water vapor) pressure buildup in the gas phase of the welded 
test capsules. 
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Figure 6. SCHEMATIC DIAGRAM OF SALT/ CONTAINMENT/TCE 
MATERIAL COMPATIBILITY CAPSULE 
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In view of these considerations, further safeguards were taken to yield 
reliable compatibility data — 

• Immediately after pressing, all pellets were separated and stored in 
"Whirl-Pak" pre-sealed, surgical-type plastic specimen bags with one 
"Mini-Pak" indicating a silica-gel desiccant package inside a 14% 
relative humidity dry-room. 

• Gravimetric water . content analyses of the "as-pressed" dry-room stored 
pellets appear in Table 11. The test was conducted by weight loss after 
4 hours at 150°C (at this temperature, all unbound water and hydrates 
will evolve). 

— As one can observe, pure K 2 CO 3 an ^ l^CC^-containing compositions 
appear to be the most hygroscopic. 

• Of these salts, any one that possessed 0.4 weight percent H 2 O or more was 
dehydrated for 4 hours at 150°C within 24 hours of actual capsule load- 
ing, cooled in a desiccator, and again placed in "Whirl-Pak" specimen bag 
with a desiccant package. 

Containment/HX Materials Preparation 

Consultations with numerous materials fabricators and distributors 
revealed availability and delivery constraints that eventually necessitated 
the use of three general capsule designs. 

Testing of.AISI Type 304 and 316 SS was performed in capsules of the 
following specifications (Figure 7): 

• Standard 1.9 cm (0.75 in.), Schedule 40 welded threaded-pipe nipples and 
end caps 

— Nipple ID = 2.12 cm (0.834 in.) 

— Nipple 0D = 2.67 cm (1,05 in.) 

— Nominal wall thickness = 0.287 cm (0.113 in.) 

— Nipple height = 11.43 cm (4.5 in.) 

— End-cap wall thickness (excluding thread) = 0.254 cm (0.10 in.) 

— Standpipe threads = 6.3 per centimeter (16 per in.) 

— Final capsule height - 13.7 cm (5.4 in.). 

Testing of AISI Type 310 SS, Incoloy 800, and Inconel 600 was conducted 
in machined capsule bodies and end caps as follows (Figure 8 ): 
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Table 11. MEASURED WATER CONTENT (Bound and Unbound) OF 
"AS-PRESSED*' CARBONATE PELLETS 


No. 

Salt System 
Composition, wt % 

Grade 

h 2 o, z * 

Dehydrate for 
4 h at 150°C 

1 

52.2 BaC0 3 -41.8 Na 2 C0 3 

Reagent 

0.19 


2 

52.2 BaC0 3 -41.8 Na 2 C0 3 

Technical 

0.25 


3 

50.0 Na 2 C0 3 -50.0 K 2 C0 3 

Reagent 

1.66 

X 

4 

50.0 Na 2 C0 3 -50.0 K 2 C0 3 

Technical 

4.39 

X 

5 

Li 2 C0 3 

Reagent 

0.04 


6 

Li 2 C0 3 

Technical 

0.05 


7 

81.3 Na 2 C0 3 -18.7 K 2 C0 3 

Reagent 

0.44 

X 

8 

81.3 Na 2 C0 3 -18.7 K 2 C0 3 

Technical 

1.48 

X 

9 

Na 2 C0 3 

Reagent 

0.05 


10 

Na 2 C0 3 

Technical 

0.05 


11 

k 2 co 3 

Reagent 

2.44 

X 

12 

k 2 co 3 

Technical 

2.95 

X 

* 

** 

H 2 0 % = % weight loss after 4 
Dehydrate 4 h at 150°C within 

h at 150°C. 

24 h of capsule 

loading. 
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NOTE: ALL DIMENSIONS IN CENTIMETERS (Inches). 
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Figure 7. THREADED STANDARD NIPPLE AND END-CAP CAPSULE 
DESIGN WELD AREA CROSS SECTION (Used with 
304 SS and 316 SS) 
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NOTE: ALL DIMENSIONS IN CENTIMETERS (Inches). 

Figure 8. MACHINED CAPSULE AND END-CAP DESIGN WELD AREA 
CROSS SECTION (Used With 310 SS, Incoloy 800, 
and Inconel 600) 


A8207I287 
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• Standard 1.9 cm (0.75 in.). Schedule 40 seamless pipe (for machining 

capsule body) and bar stock (for machining end caps, as shown in 

Figure 8) 

— Pipe ID = 2.09 cm (0.824 in.) 

— Pipe 0D = 2.67 cm (1.05 in.) 

— Nominal wall thickness = 0.287 cm (0.113 in.) 

— Bar stock diameter *» 2.86 cm (1.125 in.) 

— Final capsule height = 11.43 cm (4.5 in.). 

In addition, Armco 18SR/12SR samples were machined into test capsules 
according to the following specifications (Figure 9): 

• Capsule body: Armco 12SR, 3.81 cm (1.5 in.) T.I.G. welded tubing 

— Tube ID = 3.48 cm (1.37 in.) 

— Tube OD « 3.81 cm (1.5 in.) 

— Nominal wall thickness = 0.165 cm (0.065 in.) 

• Capsule end cap: Armco 18SR, machined from 0.10 cm (0.040 in.)-thick 

plate then fusion welded to Armco 12SR capsule body (Figure 9). 

Prior to batch fabrication/loading/welding of the containment capsules, a 
preliminary pretest analysis was conducted to evaluate and confirm unaffected 
capsule design and weld characteristics. 

A 304 SS capsule (representative of the nipple/end cap design) and 
Inconel 600 (representative of the machined capsule/end cap design) were heli- 
arc welded (308L SS and 1-82 filler metal, respectively) and sectioned in the 
weld area for both capsule types. (Figures 7 and 8, respectively, illustrate 
the basic cross-sectional shape, dimensions, and weld areas of these 
designs.) Figures 10 and 11, respectively, show these weld areas after 
sectioning and metallographic examination. The 304 SS design weld was found 
to (advantageously) completely penetrate the base metal along ~80 mils of the 
capsule ID. The Inconel 600 capsule's weld penetrated through ~50% of the 
capsule wall thickness of 0.287 cm (0.113 in.). The higher magnification 
photograph of the sample (Figure 12) shows the three-part interface between 
the relatively columnar weld metal (left), the Inconel 600 end cap (machined 
from solid bar stock — bottom), and capsule wall (top right). The weld 
appears to be sound, with no carbide precipitation in the joining metals. It 

35 


INSTITUTE 


0 F 


GAS 


TECHNOLOGY 


ORIGINAL PAGE « 

OF POOR QUALITY 



NOTE: ALL DIMENSIONS IN CENTIMETERS (Inches). 


A8207I285 


Figure 9. MACHINED ARMCO 12SR CAPSULE BODY/ARMCO 18SR 
END-CAP DESIGN WELD AREA CROSS SECTION 
(TIG Fusion Weld) 
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Figure 10. PRETEST SECTION OF THREADED NIPPLE AND END-CAP 
CAPSULE WELD AREA (25X, Etchant: 

Electrolytic, 10% Oxalic Acid) 
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Figure 1 1 . PRETEST SECTION OF MACHINED CAPSULE AND END-CAP 
DESIGN WELD AREA (Inconel 600) (25X, Etchant: 
Electrolytic, 10% Oxalic Acid) 
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WELD 

METAL 


203 m 
(8 mils) 



CAPSULE 
BODY METAL 
(INCONEL 600 
TUBE) 


END CAP 
METAL 

(INCONEL 600 
BAR) 



Figure 12. HIGHER MAGNIFICATION MICROGRAPH OF THE WELD/END-CAP/ 
CAPSULE INTERFACE OF FIGURE 11 (125X, Etchant: 
Electrolytic, Oxalic Acid) 


39 


INSTITUTE 


0 F 


GAS 


TECHNOLOGY 



was decided to maintain longer metal melting times when welding this design 
capsule, so as to result in a 70% weld penetration. 

Prior to salt loading or initial welding, all TES test capsule components 
were cleaned and ultrasonically degreased in a 50% toluene/50% methanol 
solution and handled with white-gloves during loading and welding. 

Typical final test capsule preparation/fabrication procedures entailed 
the following steps: 

• Salt preparation 

• Capsule machining (one end cap drilled for final weld pressure relief) 

• Cleaning 

• Degreasing (ultrasonically in a 50% toluene/50% methanol solution) 

• Initial capsule welding (leaving one end open) 

• Salt pellet dehydration 

• Salt pellet loading (and other containment/TCE sample loading) 

• Final capsule welding, cooling, then pressure relief hole weld-filling 
(in air or 100% argon in glove box) 

• X-ray inspection at 0° and 90°C 

— Weld inspection criterion; Section VIII of the ASME Boiler and 
Pressure Vessel Code 50 

• Installation into compatibility test furnace. 

The photographs of Figures 13 and 14 illustrate the final fabricated form 
of the nipple-and-end-cap and machined capsule body designs, respectively. 

TCE Preparation 

As noted above, copper (both as a reticulated matrix and a solid form) 
and high-conductivity graphite (pyrolytic and ATJ) were selected for 
compatibility testing in the 704° to 871°C (1300° to 1600°F) solar thermal 
temperature range. 

Prior to capsule loading, each sample was stored in a clean environment 
dry room with 14% relative humidity. For the low and medium range temperature 
tests (750° and 850°C, respectively) samples of copper (solid and reticulated) 
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Figure 13. TYPICAL FINAL-WELDED DESIGN FOR 304 SS AND 316 SS 
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Figure 14. TYPICAL FINAL-WELDED TEST CAPSULE DESIGN FOR 
310 SS, INCOLOY 800, AND INCONEL 600 
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and graphite (P.G. and ATJ) were loaded into individual type 304 SS capsules 
containing technical grades of — 

• 52.2 wt % BaC0 3 -44.8 wt % Na 2 C 0 3 (tested at 750°C) 

• 50.0 wt % Na 2 C 03 ~ 50.0 wt % K 2 CO 3 (tested at 750°C) 

• Li 2 C0 3 (tested at 850°C). 

For the highest test temperature ('-920°C), samples of copper and graphite 
were loaded into individual Inconel 600 capsules containing technical grades 
of Na 2 C 0 3 and ^ 003 . 

All of these TCE-oriented test capsules were then final welded in a glove 
box, evacuated of air then back-filled with 100% argon and welded. The welded 
capsules were then positioned in their respective furnaces for the 
compatibility screening tests. 

Testing Procedures and Data Collection 

To facilitate the materials compatibility testing, three high- 
temperature, box-type furnaces (Blue-M, Stabil-Glow) were employed to bracket 
the solar thermal application range of 704° to 870°C (1300° to 1600°F). The 
furnaces possessed a continuous service operating range to 1093°C (2000°F) and 
an intermittent regime to 1204°C (2200°F) (with Modella Heating Elements, 
1316°C). Temperature was regulated through solid-state Honeywell Dialatrol 
controllers with adjustable full-time proportioning, yielding a calibrated 
temperature accuracy of approximately ± 2 %. 

Actual testing during Phase I was conducted at three temperature 
levels — 750°C (1382°F), 850°C (1562°F), and 950°C (1742°F) - thereby 
dividing the salt matrix into three parts. Each salt was thus maintained at 
50° to 130°C (90° to 234°F) above its reported melting point during the 
corrosion tests (Table 12). 

The compatibility capsules were positioned in the furnaces as illustrated 
in Figure 15. Each capsule was placed vertically into individually drilled 
3.81 cm (1.5 in.) deep holes in a bed of 7.62 cm (3 in.) thick firebrick. 

This was to provide vertical support and a porous firebrick capsule-to-capsule 
barrier to prevent creepage of salt into neighboring test containments (and 
heating elements) in the event of a leak. Initial capsule furnace position 
installations were also referenced with the 0° X-ray angle to facilitate post- 
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Table 12. FURNACE TESTING TEMPERATURE LEVELS 


No . 

Salt System 
Composition, wt % 

Grade 

Melting Point 

~*c 5 f — 


T7i i »»n q pp T 

750°C fl382°Fl - 








1 

52.2 BaC0 3 -41.8 Na 2 C0 3 

Reagent 

686 

1267 

2 

52.2 BaC0 3 -41.8 Na 2 C0 3 

Technical 

686 

1267 

3 

50.0 Na 2 C0 3 -50.0 K 2 C0 3 

Reagent 

710 

1310 

4 

50.0 Na 2 CO-50.0 K 2 C0 3 

Technical 

710 

1310 





5 

L±2^03 

Reagent 

723 

1333 

6 

Li 2 C0 3 

Technical 

723 

1333 

7 

81.3 Na 2 C0 3 -18.7 K 2 C0 3 

Reagent 

737-790 

1360-1454 

8 

81.3 Na 2 C0 3 -18.7 K 2 C0 3 

Technical 

737-790 

1360-1454 



, Phooo T Qin°r (n Phaoo TT 


9 

Na 2 C0 3 

Reagent 

858 

1576 

10 

Na 2 C0 3 

Technical 

858 

1576 

11 

k 2 co 3 

Reagent 

898 

1648 

12 

k 2 co 3 

Technical 

898 

1648 
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test cross-comparison with pretest X-rays for breach location correlation, 
where possible. In-furnace temperatures were monitored (4 times per 24 hours) 
longitudinally in four locations (as in Figure 15) — 

1. Front (along width median) 

2. Mid-length (along width median) 

3. Back, (along width median) 

4. Mid-length (nearest side heater coil panel). 

In addition to X-ray pretest capsule evaluation, temperature, and visual 
capsule integrity monitoring, complete individual test histories were 
maintained (as in the format of Figure 16) in order to facilitate correlation 
of pre- and post-test observations and results. 

Although the furnaces were operated at varying heat-up (to temperature) 
and down (cooldown to room temperature or 300°C for failed capsule removal) 
times, total capsule test time was recorded to reflect solely hours spent at 
the operational test temperatures indicated in Table 12. 

After the end of each test, the containraent/TCE and salt materials were 
examined to evaluate their stabilities. The salt compositions were chemically 
analyzed and verified both before installation and after shutdown for CC >2 
content, cation composition (Li, K, Na, Ba, etc.), and relative levels of 
iron, nickel, and chromium (elements indicative of corrosive chemical reaction 
between salt and containment materials). Finally, each unit was sectioned at 
mid-salt and top-salt (meniscus) level, visually examined to note overall 
compatibility, and then metallographic cross sections were conventionally 
mounted, ground, and polished for light microscopy to determine the nature and 
extent of corrosion. 

Materials Compatibility Evaluations 
Screening Evaluation Criteria 

A number of factors must be considered in any evaluation of TES system 
component compatibility. In addition to possessing the desirable individual 
properties and characteristics necessary for testing selection, salt, 
containment/HX, and TCE materials compatibility, evaluations were based on — 
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• Depth and nature of salt-side corrosion of containment/HX and TCE 
materials 

• Containment alloy thermal aging effects 

• Weld integrity in salt environment 

• Air-side containment oxidation 

• Chemical and physical analyses of the salt. 

Evaluation of Salt/Materials Compatibility 

The salts/materials investigated in this subtask for their compatibility 
for latent heat storage were in the high design (high thermal conversion 
efficiency) solar thermal temperature regime 538° to 871°C (1000° to 1600°F). 

As mentioned earlier, prior to batch fabrication/loading/welding of the 
containment capsules, a preliminary pretest analysis was conducted to assess 
unaffected capsule and weld integrity characteristics. Additionally, two 
304 SS test capsules were prepared and loaded with technical-grade Na 2 C 03 for 
the beginning-of-life quality and test procedures appraisal — 

• One welded in air 

• One welded in a glove box, evacuated of air, then back filled with 100% 
argon and welded 

• Both short-term furnace tested at 910°C (1670°F) for 72 hours. 

From the pretest weld evaluation and testing of these 304 SS nipple and 
end cap capsules, it was found that care must be taken in "washing" the filler 
metal into the weld area gaps (Figure 7) on capsules of this design. 

Seventy-seven compatibility test capsules of 304 SS, 316 SS, 310 SS, 
Inconel 600, Incoloy 800, and Armco 18SR/12SR, containing the test matrix 
salts and selected samples of Kanthal A-l, copper, and graphite, 
were then prepared and installed into the three Blue-M furnaces for the 
Phase I screening tests (Table 10). In addition to some prolonged exposure 
tests, an additional 24 compatibility capsules were tested during Phase II. 

The following discussion details the operational/post-test history of the 
Phase I and II testing matrix. It was during the initial phase of testing 
that some of the significant problems associated with molten salt/welded 
containment systems in this high-temperature regime were encountered. 
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Identification and resolution of these problems and results from the Phase I 
screening tests were used as the basis for identifying the most promising 
salt, containmeot/HX, and TCE materials combinations for further Phase II 
screening tests. 

Beginning of Life 

Capsules of Inconel 600 and Incoloy 800 with technical-grade 50 wt % 
Na 2 C 03~50 wt % K 2 CO 3 developed beginning-of-life leaks in their weld areas 
after 72 hours of operation. Sectioning and metallographic examination of the 
capsules containing leaks revealed incomplete weld penetration, crevice 
corrosion, and intergranular microcracking (Figure 17) due to partial 
separation of the end cap from the capsule body wall (5 to 12 mils). 
Replacement capsules were subsequently prepared (using longer metal melting 
times to yield more complete weld penetration) and then installed. Such 
capsules subsequently attained 763 hours of leak-free operation. 

An overview summary of the Phase I testing appears in Tables 13 and 14. 

In addition to the early-in-life capsule failures noted above, 10 test 
capsules developed significant salt leakage within the first 600 hours of 
continuous operation; 9 of these failed capsules were from the highest 
temperature (950°C) furnace. 

Post-test examinations of these capsules indicated that the leaks were 
associated with — 

• Inadequate weld penetration 

• Observed capsule wall/end cap interface separation 

• Evidence of crevice corrosion (a design/fabrication problem not 
necessarily indicative of salt/material long-term corrosion 
compatibility, but nonetheless causing a capsule test to terminate). 

Additionally, calculations indicated that the evolution of adsorbed H 2 O 
from the carbonate pellets during heat-up (at the highest furnace temperature 
when in these totally closed capsules) caused pressure buildup in the gas 
phase over the melt, which in turn created capsule hoop (tensile) stresses 
possibly exceeding the yield (resulting in bulging), or rupture strength 
(resulting in cracks and failures) of the containment materials at the testing 
temperatures . 
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Figure 17. POST-TEST WELD CROSS SECTION MICROGRAPH OF SALT SIDE 
INCONEL 600 CAPSULE WITH TECHNICAL-GRADE Na 2 C0 3 FOR 
72 HOURS AT 910°C (25X, Etchant: Electrolytic, 

10% Oxalic Acid) 
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Table 13. PHASE I COMPATIBILITY TEST SCHEDULE SUMMARY 
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Machined capsule body and end cap. 




Because of these experimental difficulties, the following modifications 
were planned and implemented for Phase II salt preparations — 

• After initial mixing, milling, and cold-pressing, all salts were 
dehydrated in a vacuum oven for 4 hours at 150°C. 

• After this dehydration step, test capsules were immediately loaded with 
salt and finally heli-arc welded. 

Containment/Salt Compatibility Tests at 750°C 

A summary of post-test metallographic examination results from contain- 
ment/salt compatibility tests conducted at 750°C is given in Table 15 for the 
candidate alloys of AISI 304, 316, and 310 austenitic stainless steels; 

Inconel 600; and Incoloy 800. The carbonate salts tested at this 750°C 
temperature were both reagent and technical grades of 52 wt % BaC 03~48 wt X 
Na 2 C 03 ( 686 °C mp) and of 50 wt X ^£ 003-50 wt X K 2 CO 3 (710°C mp). Some 
additional results on AISI 304 compatibility with these salts at 750°C are 
presented in Table 16. The AISI 304 capsules in these tests contained 
specimens of copper or graphite TCE materials and had an argon cover gas, 
rather than air. 

The AISI 304 and 316 SS materials showed generally comparable corrosion 
characteristics in these 750°C tests, although 304 SS generally had slightly 
thicker oxide scale on the inner capsule surfaces than 316 SS. The oxide 
scale thicknesses increased with time of exposure. For 304 SS in technical- 
grade 52 BaC 03~48 ^ 2 ^ 3 , scale thicknesses ranged from 2 to 3 mils after 
984 hours, 3 to 4 mils after 1882 hours, and 4 to 5 mils after 2635 hours. 

(See Figure 18.) Post-test analysis of the technical-grade salt revealed its 
constitutent 's general chemical stability, although indicating an increase in 
iron content from <0.01% to 0.36% (Table 17) after 1882 hours at 750°C in 
304 SS. Figure 19 is an optical micrograph of the corrosion scale and under- 
lying metal from the 304 SS capsule tested for 2635 hours in this salt. 

The 50 Na 2 C 03~50 K 2 CO 3 salt composition appeared to be more agressive 
toward both 304 SS and 316 SS than 52 BaC 03~48 ^ 2003 , and in turn, technical- 
grade 50 Na 2 C 03~50 K 2 CO 3 was more corrosive than the reagent-grade salt. The 
effect of salt grade and the somewhat better corrosion resistance of 316 SS 
over 304 SS after 1882 hours of testing are shown in the micrographs of 
Figures 20 and 21, and chemical analysis results in Table 18. Comparison of 
the scale microstructures in these figures reveals that the scales formed on 
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Table 15. RESULTS OF CONTAINMENT/ SALT COMPATIBILITY TESTS AT 750°C 
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Table 16. AISI 304 SS/SALT COMPATIBILITY TESTS CONDUCTED WITH TCE MATERIALS (Argon Cover Gas) 
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Figure 18. GROWTH OF OXIDE SCALE ON AISI 304 IN TECHNICAL-GRADE 
52 wt % BaC0 3 -48 wt % Na 2 C0 3 AT 750°C 
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Figure 19. OPTICAL MICROGRAPH OF 304 SS TESTED 
IN TECHNICAL-GRADE 52BaC0 3 -48Na 2 C0 3 FOR 
2635 HOURS AT 750°C (Ar Cover Gas/Cu TCE) 
(160X, Etchant: Electrolytic, 

10% Oxalic Acid) 
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gure 20. CORROSION LAYERS ON AISI 304 SS AFTER 1882 HOURS 
OF TESTING AT 750°C IN 50 wt X Na 2 C0 3 ~50 wt % l^CO-j SALT 

( 160X) 
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Figure 21. CORROSION LAYERS ON AISI 316 SS AFTER 1882 HOURS OF 
TESTING AT 750°C IN 50 wt X Na 2 CO 3 ~50 wt X K 2 C0 3 SALT 
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316 SS surfaces are more dense and adherent than those formed on 304 SS, thus 
providing somewhat greater protection against further corrosion. Also, 
technical-grade 50 ^2(103-50 K2CO3 resulted in a greater post-test iron 
content than its reagent counterpart (0.73% compared to 0.38% from <0.01%) 
when tested with 316 SS containment for 1882 hours at 750°C (Table 18). 

The AISI 304 and 316 materials showed a significant amount of carbide 
precipitation in grain boundaries as a result of prolonged heating at 750°C. 
This "sensitization" effect is expected for heating of these alloys in the 
450° to 9Q0°C temperature range. However, such carbide precipitation and any 
associated depletion of chromium in regions near grain boundaries did not 
appear to have any deleterious effects on corrosion resistance to molten 
carbonates. 

AISI 310 SS capsules generally exhibited less oxidation than 304 SS or 
316 SS in 52 BaC03~48 ^2(^3 salts. However, at all test temperatures over 
the range 750° to 950°C, this alloy experienced formation of sigma phase 
precipitates at grain boundaries and triple points throughout the capsule 
specimens. The AISI 310 SS Cr/Ni composition range falls within the approxi- 
mate boundary for susceptibility to sigma formation in steels as formulated by 
J. H. Monypenny in 1951.^® (See Figure 22.) This precipitation effect is 
caused by continuous thermal exposure in this temperature regime and is not 
related to salt interaction effects. The presence of high concentrations of 
brittle inter-metallic sigma phase precipitates, as observed in these experi- 
ments, is known to significantly reduce the low-temperature ductility and 
strain-to-failure of the alloy structure. Thus, the usefulness of AISI 310 SS 
for high-temperature thermal energy storage applications may be limited 
primarily by the formation of sigma phase and its effect on mechanical 
properties. Additional work is required to more fully assess the significance 
of sigma phase on 310 SS structural integrity under TES service conditions. 

The 310 SS material also showed good compatibility with reagent-grade 
50 Na2C03-50 K2CO3, with formation of a 1 to 2-mil-thick oxide scale after 
1603 hours. However, the 310 SS capsule tested with technical-grade 
50 Na2C03~50 K2CO3 for 2947 hours experienced fairly extensive reaction with 
the salt, resulting in a 12 to 14-mil-thick reaction layer. The microstruc- 
ture of this reaction layer was complex and appeared to be associated with 
several possible interaction mechanisms, which included oxidation, 
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carburization, and perhaps salt' penetration. The appearance of this reaction 
layer and the condition of the base metal are shown in Figure 23. Also 
evident in this figure in the base metal region are black pits left at 
locations where sigma phase precipitates were removed from the microstructure 
by oxalic acid electrolytic etching. 

Alloys Inconel 600 and Incoloy 800 were found to be more corrosion 
resistant to molten carbonates at 750°C than any of the 300 series stainless 
steels (304, 316, or 310 SS). In addition, Incoloy 800 appeared to be 
somewhat more resistant than Inconel 600, as well as being a less expensive 
alloy. Although Inconel 600 did not experience excessive reaction layers at 
the inner surface in contact with carbonates, the underlying bulk metal 
appeared to be subject to extensive carburization. Figure 24 shows a typical 
region of subsurface carburization, showing both intergranular and very heavy 
intragranular carbide precipitation. Such heavy carburization extending 
approximately one quarter of the way through the wall thickness is expected to 
result in some degree of embrittlement of the alloy. The stability of both 
the BaC03-Na2CC>3 and Na2CC>3-K2C03 salts in Inconel 600 and Incoloy 800 is 
shown in the post-test analyses of Tables 17 and 18. 

Incoloy 800 showed very good compatibility with all salt compositions in 
the 750°C test series, forming very protective oxide scales a maximum of only 
2 to 3 mils thick after 3106 hours of exposure. Representative optical 
micrographs of Incoloy 800 after 3106 hours of test in the technical-grade 
BaC03~Na2C03 and ^2003-^003 salts are shown in Figures 25 and 26. This 
alloy was carburized to a moderate extent, although much less so than 
Inconel 600 under comparable experimental conditions. 

A comparative ranking of the scaling resistance of the candidate 
materials at 750°C is presented in Figure 27 for containment of the BaCO^- 
Na2C03 salt. 

Containment/Salt Compatibility Tests at 850°C 

Table 19 presents a summary of post-test metallographic examination 
results for the candidate containment/salt compatibility tests performed at 
850°C. This series of tests was conducted with reagent and technical grades 
of Li 2 C03 (723°C mp) and of 82 Na 2 C03-18 K2CO3. This latter mixture melts 
incongruently over the temperature range 742° to 788°C. Some additional 
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OPTICAL MICROGRAPH OF AISI 310 TESTED IN TECHNICAL 
GRADE 50 wt % Na 2 C0 3 -50 wt % K 2 C0 3 SALT F0R 
2947 HOURS AT 750°C (160X) 
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re 26. OPTICAL MICROGRAPHS OF INCONEL 800 TESTED IN 
TECHNICAL-GRADE 50Na 9 C0 9 -50K 9 C0o FOR 3106 HOURS 
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Figure 27. THICKNESS OF OXIDE SCALES FORMED ON CANDIDATE 
ALLOYS AFTER 1603 TO 1882 HOURS OF EXPOSURE TO REAGENT- 
GRADE 52BaC0 3 -48Na 2 C0 3 AT 750°C 
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results were presented in Table 16 for AISI 304 SS tested in technical-grade 
Li2C03 with copper and graphite TCE materials at 850°C. 

AISI 304 SS materials reacted with both grades of to form banded- 

oxide scale structures. These scales were not highly protective because of 
their porous and friable nature. Scale thicknesses of up to 10 mils were 
observed in tests up to 1931 hours duration with air cover gas. Use of an 
argon cover gas appeared to result in a lower rate of oxidation than for air, 
as evidenced by the 7 to 8-mil oxide scale formed after 2635 hours in 
technical-grade L^COj with graphite TCE's and Ar gas (Figure 28). AISI 304 
SS also showed reasonable compatibility with reagent-grade 82 ^2003-18 K2CO3 
in air, forming a 3 to 4-mil scale after 1931 hours. However, the technical 
grade mixture of these salts after the same period of time caused an 
additional 65 to 70-mil bulk penetration below the 4 to 5-mil-thick oxide 
scale. 

Comparative evaluations of 316 SS corrosion behavior in these carbonates 
at 850°C were precluded by the high incidence of capsule failures. Generally 
the "failures" resulted in very extensive corrosion after salt had leaked from 
capsules because of the thin salt films formed on both inner and outer capsule 
surfaces after failure. The enhanced hot-corrosion rates in the presence of 
thin molten salt films is a well-documented phenomenon. 1 * 1 The extensive 
post-failure corrosion generally destroyed evidence related to the actual 
cause of capsule failure (for example, leakage from initial weld defects, 
enhanced corrosion at welds, loss of effective wall due to prior corrosion, 
stress corrosion, etc.). An AISI 316 SS capsule with technical-grade Ll^CO^ 
failed within the last 100 hours of its 2027-hour test period. Similarly, a 
316 SS capsule containing technical-grade 82 ^3003-18 K2CO3 failed in the 
last 100 hours of its 3083-hour test duration. 

AISI 310 SS generally exhibited significantly improved compatibility with 
113003 at 850°C as compared to Types 304 and 316 SS. Its higher corrosion 
resistance is related to the more dense, adherent, and protective oxide scales 
formed on this alloy. The nature and extent of the scales formed on AISI 310 
SS in technical-grade Li^CC^ after 1603 and 3083 hours illustrate their 
protective nature, as shown in Figure 29. As discussed for the 750°C test 
series. Type 310 SS specimens also experienced significant sigma phase 
formation throughout the capsule wall at grain boundaries and triple points. 

71 


INSTITUTE 


0 F 


GAS 


TECHNOLOGY 


-mirtwii PAGE i3 



I27 m 
( 5 mils) 


Figure 28. OPTICAL MICROGRAPH OF AISI 304 SS TESTED IN 
TECHNICAL-GRADE Li 2 C0 3 FOR 2635 HOURS AT 850°C 
(With Graphite TCE Specimens/Ar Cover Gas) 
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Figure 29. OPTICAL MICROGRAPHS OF AISI 310 SS TESTED IN 
TECHNICAL-GRADE L^COo AT 850°C AFTER 
1603 HOURS (A) AND 3083 HOURS (B) 







Figure 30 shows the morphology and distribution of sigma phase precipitates at 
a capsule mid-wall location after 1603 hours of testing. It appears from the 
micrographs in Figure 29 that sigma phase particles may be undergoing 
preferential attack by molten as evidenced by the 2 to 4 mil-deep 

subscale pitting effects. Systematic and repeated metallographic examinations 
of test specimens in both the as-polished and etched conditions indicated that 
the subscale pits were indeed associated with molten salt effects and not 
metallographic preparation or etching effects. (It should also be noted that 
the smaller grain boundary pits shown in Figure 29 (Part B) are etching 
effects and are unrelated to any molten carbonate interactions). The subscale 
leaching of sigma phase is attributed to the fact that sigma phase 
precipitates formed in AISI 310 SS (nominal composition of 25% Cr, 21.5% Ni, 

2% Mn, 1.5% Si, balance Fe) are expected to be enriched in chromium, with an 
approximate composition of 46% Cr, 40% Fe, 11% Ni, and 3% Si.-’* In the 
presence of molten 13.2003 under an oxidizing environment, metallic Cr is 
unstable and will be converted to L^CrO 4 (lithium chromate). The alkali 
chromates are very soluble in the corresponding molten alkali carbonates, 
which result in the leaching phenomenon. John JJ reported complete miscibility 
between ^2^0^ and molten Na2C03 at 900°C. Previous work at IGT related to 
molten carbonate fuel cell materials development also indicated extensive 
solubility of L^CrO^ in molten L^CC^-^CC^ mixtures at 650°C.^*^ Table 20 
contains pre- and post-test analyses of LI2CO3 that demonstrate the salt's 
general stability, while indicating an increase in iron content of technical- 
grade Li2C03 from <0.01% to 0.54% and an increase in chromium content from 
<0.02% to 0.11% after 1603 hours. 

The 82 Na2C03~18 K2CO3 composition was more aggressive toward AISI 310 SS 
than Li2C03. The reagent-grade salt caused a 15 mil-deep reaction zone due to 
a combination of oxidation and apparent salt penetration along grain 
boundaries after 1603 hours, as shown in Figure 31. As in the Li 2CO 3 tests, 
the extensive amount of sigma phase precipitation and subsequent alkali 
chromate formation and dissolution are suspected to be the causes of this 
extensive reaction. An AISI 310 SS capsule containing technical-grade 82 
Na2C03~18 K2CO3 failed after 2779 hours. 

Consistent with the 750°C tests, results from the 850°C series tests 
indicate that Inconel 600 and Incoloy 800 offer greater corrosion resistance 
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127/x 
(5 mils) 

Figure 30. ETCHED MICROSTRUCTURE OF A.ISI 310 SS AT CAPSULE 
MID-WALL AFTER 1603 HOURS OF TESTING IN TECHNICAL-GRADE 
Li 2 C0 3 AT 850°C SHOWING EXTENSIVE SIGMA 
PHASE FORMATION 
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Figure 31. AISl 310 SS TESTED IN REAGENT-GRADE 
82Na 2 C0 3 -I8K 2 C03 FOR 1603 HOURS AT 850°C 
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than AISI 304 and 316 SS. Also, although oxide scale and surface reaction 
zone thicknesses in the 600 and 800 alloys were comparable to those in 310 SS, 
these alloys are not susceptible to sigma phase formation, which may limit the 
usefulness of AISI 310 SS as a containment and heat exchanger material under 
high-temperature thermal cycling conditions. 

Figure 32 shows the microstructures of Inconel 600 and Incoloy 800 after 
3106 hours of testing in molten technical-grade LI2CO3. Oxide scales were 
formed on both alloys; in addition, Inconel 600 exhibited some subscale 
pitting while Incoloy 800 showed intergranular attack extending ~5 mils below 
the scale. Both effects would be cause for some concern with respect to 
acting as possible points of stress concentration and crack initiation under 
thermal cycling conditions. 

In molten 82 ^3003-18 K2CO3, Inconel 600 experienced a 2-mil scale 
formation in the reagent-grade mixture, accompanied by extensive subscale 
carburization after 1931 hours. As also observed with the 300-series 
austenitic stainless steels, the technical-grade mixture of this salt was 
more aggressive toward Inconel 600 than the reagent-grade, resulting in a 10- 
mil-thick zone of oxidation and bulk penetration after only 1176 hours of 
test. Incoloy 800 was determined to be the preferred containment material for 
technical-grade 82 ^3003-18 K2CO3. As revealed in the micrograph of 
Figure 33, this alloy formed a fairly protective 1 to 2-mil-thick oxide scale 
after 3106 hours with no significant subscale pitting, intergranular 
penetration, or carburization effects. The stability/compatibility of the 
technical-grade 82 Na2C03-18 K2CO3 salt mixture was also demonstrated by no 
change in its pre- and post-test chemical composition and an increase in iron 
content from <0.01% to 0.25% after 3107 hours at 850°C. (See Table 21.) 

Containment/Salt Compatibility Tests at 910° to 950°C 

Results of post-test metallographic examinations of containment capsule 
materials tested in the 910° to 950°C temperature range are presented in 
Table 22. The carbonate salts tested in this series were reagent and 
technical grades of ^3003 (858°C mp) and K2CO3 (891 °C mp). Phase I tests in 
this series were conducted at 950°C starting with undehydrated salt materials 
and with the original capsule weld design and fabrication procedures discussed 
earlier in Section 1.3, Experimental Test Components (as was the case for the 
750°C and 850°C test series). The high rate of Phase I capsule failures due 
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Figure 33. INCOLOY 800 AFTER 3106 HOURS OF TESTING IN 
TECHNICAL-GRADE 82Na 2 C03-18K 2 C03 AT 850°C 
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Table 22. RESULTS OF CONTAINMENT/ SALT COMPATIBILITY TESTS AT 910° TO 950°C 
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to salt leakage was attributed to inadequate weld design, insufficient depth 
of weld penetration, and internal gas pressure buildup due to evolution of 
adsorbed water (primarily from K^COj-containing compositions). The failure 
rate of Phase I capsules at 950° was higher than at 750°C or 850°C, especially 
for the 300-series stainless steels. In addition to these welding and 
moisture-related problems, the significant loss of strength of the austenitic 
stainless steels undoubtedly also contributed to their high rate of failures 
early in life at 910°C to 950°C. Fabrication procedures for Phase II capsule 
tests were modified to provide improved design and integrity of capsule 
welds. In addition, the test temperature for this series was reduced from 
950° to 910°C to provide a more realistic assessment of alloy corrosion 
resistance in the most cost-effective alkali carbonate heat storage medium 
available, ^2003. This 910°C test temperature used in Phase II evaluations 
was selected because it was approximately 50°C above the 858°C melting point 
of Na2CC>3. 

The test results in Table 22 indicate a significant failure rate of AISI 
304 and 316 SS capsules in Phase II, in spite of the lower test temperature of 
910°C and modified capsule fabrication procedures. All six 304 or 316 SS 
capsules tested in Na2C03 failed before 1000 hours of testing had been 
attained. One 304 SS capsule survived 984 hours of testing in technical-grade 
K2CO3 at 910°C and experienced oxide scale formation to a depth of 16 mils. A 
316 SS capsule tested successfully in the same salt for 816 hours at 910°C was 
found to be oxidized to a depth of 4 to 5 mils. 

Two capsules of 310 SS tested with ^2^03 (reagent and technical) both 
failed during 763-hour tests at 950°C. The 310 SS capsules containing 
reagent-and technical-grade K2CO3 formed reaction zones from oxidation and 
bulk penetration to depths of 50 mils and 37 mils, respectively, after 
1490 hours at 950°C. The significant extent and nature of 310 SS corrosion in 
technical-grade K2CO3 is illustrated in Figure 34. As in the 750° and 850°C 
tests discussed above, 310 SS suffered from extensive precipitation of sigma 
phase at grain boundaries, apparently contributing to the significant 
intergranular penetration and grain boundary separations observed at 950° C. 

The alloys Inconel 600 and Incoloy 800 were also more badly corroded at 
910° to 950°C than at the lower test temperatures. Inconel 600 experienced 
salt reaction layers ranging from 8 to 40 mils in thickness, depending on salt 
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EXTENSIVE CORROSION OF AISI 310 SS AFTER 1490 HOURS 
IN TECHNICAL-GRADE X 2 C0 3 AT 950 ° C 
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composition and exposure time ,a»d temperature. The microstructures of the 
reaction zones on Inconel 600, whether caused by Na2C03 or K2CO3, were very 
similar; a typical reaction layer, formed in technical-grade ^3(^03 after 2304 
hours at 910°C, is shown in Figure 35. Table 23 presents some additional 
experimental data for Inconel 600 tested with copper or graphite TCE materials 
in Na2C03 and K2CO3 with Ar cover gas. 

The corrosion behavior of Incoloy 800 in molten Na2C03 and K2CO3 was not 
significantly different from that of Inconel 600. Salt reaction zones formed 
on inner capsule walls to depths of 11 to 25 mils, depending on the particular 
experimental conditions employed, as summarized in Table 22. The appearance 
of a typical reaction zone formed on Incoloy 800 in molten ^3003 (technical 
grade) after 816 hours at 950°C is shown in Figure 36. Technical-grade Na2C03 
pre- and post-test chemical analysis data show its good stability and an 
increase in iron content from <0.01% to 0.32% (Table 24), when in contact with 
Incoloy 800 for 816 hours at 950°C. 

A representative micrograph showing the nature and extent of Incoloy 800 
reaction with technical-grade K.2CO3 is shown in Figure 37. In this case, 
exposure at 950°C for 816 hours has resulted in a 15-mil-deep surface reaction 
zone of oxidation and salt penetration. Some intergranular cracks were 
observed in this salt-affected surface zone. Both intragranular and grain- 
boundary carbides that formed during prolonged heating at the test temperature 
can be seen below this surface zone. 

Adequate long-term containment of molten Na2C03 and K2CO3 at temperatures 
of 900°C and above represents a significant materials challenge, as evidenced 
by the high rate of capsule failures and the inability of the commercial 
alloys tested to form protective oxide films or scales. The lack of any 
protective scale formation is indicated by the nearly linear rate of increase 
in depth of surface reaction zone between 1200 and 2700 hours of exposure of 
Inconel 600 to technical-grade Na2C03 at 910°C, as shown in Figure 38. 
Significant additional alloy materials and/or coatings development efforts 
will be required to satisfy long-term containment and heat exchanger 
requirements for such high-temperature molten carbonate TES systems. 
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Figure 35. TYPICAL CORROSION LAYER FORMED ON INCONEL 600 
AFTER 2304 HOURS OF TESTING IN TECHNICAL-GRADE 
Na 2 C0 3 AT 910°C 
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Technical-grade salts. 

PG: Pyrolytic graphite 

ATJ : Union Carbide ATJ graphite 

Cu: Porous reticulated and tubular copper . 



Figure 36. APPEARANCE OF INCOLOY 800 AT MID-SALT LOCATION AFTER 
816 HOURS OF TESTING IN TECHNICAL-GRADE Na 2 C0 3 AT 950°C 
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Figure 38. DEPTH OF SURFACE REACTION ZONES FORMED ON 
INCONEL 600 IN TECHNICAL-GRADE Na 2 C0 3 AT 910°C 
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Evaluation of Aluminum-Containing Alloys as Containment 
Materials 

The objective of this work element was to conduct a preliminary 
assessment of the feasibility of using aluminum-containing alloys as 
containment and heat exchanger materials for improved corrosion resistance in 
high-temperature molten carbonates. This activity included a limited 
experimental fabrication and compatibility study of commercially available 
alloys containing aluminum and AISI 304 and 316 SS specimens that were surface 
aluminized by a commercial process. The experimental study was intended to 
provide an initial indication of potential advantages and limitations of these 
approaches to containment of molten carbonates. A comprehensive corrosion 
behavior study of such materials was outside the scope of the program. 

The commercial alloys included in the experimental study Included Armco 
12SR (1.25 wt Z Al) and Kanthal A-l (5.5 wt Z Al). Complete nominal 
compositions of these alloys were presented earlier in Table 7. Alloy Kanthal 
A-l wires have been used extensively in woven-screen form as reinforcement for 
molten carbonate fuel cell electrolyte structures and have demonstrated 
reasonably good compatibility in molten L^COj-^COj at 650°C for greater than 
10,000 hours of testing. 

During the course of this investigation, discussions were conducted with 
researchers at the Products Research and Development Laboratories of Nippon 
Steel Corporation, Sagamihara, Japan, who are developing a family of high- 
aluminum austenitic stainless steels for high-temperature use. These 
experimental alloys, which contain 4 to 6 weight percent aluminum, form thin 
protective AI 2 O 3 films which are claimed to provide superior air oxidation and 
hot corrosion resistance compared to that of commercially available heat- 
resisting stainless steels at temperatures above 850°C. Unfortunately, no 
specimens of the experimental Nippon alloys could be obtained for evaluation 
of molten carbonate corrosion resistance under this program. However, because 
these alloys appear to possess significant promise for containment of high- 
temperature molten salts, a brief summary of their possible advantages for 
molten carbonate TES applications is presented. 

The Nippon experimental alloys are of nominal composition 17Cr-24Ni-5Al- 
balance Fe and are austenitic. A minimum aluminum content of 5 weight percent 
and chromium contents of 15 to 22 weight percent have been found to provide a 
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very protective AI2O3 film, which is non-spalling and yields greater oxidation 
resistance than typical stainless steels such as AISI 310 or Incoloy 800. 
Additions of cerium (~0.5%) and/or titanium (0.06%) further enhance the film's 
non-spalling characteristics under thermal cycling conditions and also improve 
hot-workability. Because chromium and aluminum tend to stabilize the ferrite 
phase, the nickel content must be adjusted in relation to the aluminum and 
chromium contents to assure stability of the austenite structure. Tests at 
Nippon show — 

• Superior air oxidation resistance at 1200°C as compared to Incoloy 800 

• Greater resistance to hot corrosion by Na2S0^ + 10% NaCl at 1000°C than 
AISI 310 SS and Incoloy 800 

• Improved resistance in cyclic air oxidation tests (1200°C to room 
temperature) over AISI 310 SS 

• Tensile and creep rupture strengths at 800° to 1000°C as compared to 
those of Incoloy 800. 

Based on these promising indications, these Nippon alloys should be 
experimentally evaluated for corrosion compatibility with molten carbonate 
storage media. In addition, alloy weldability should be evaluated because of 
the known effect of moderate levels (^5%) of aluminum in reducing fluidity of 
molten weld metal. Also, the effect of long-term exposure at high 
temperatures on alloy phase stability and mechanical properties should be 
investigated. 

The possible use of aluminized stainless steels or nickel-base alloys for 
corrosion protection was suggested by the successful long-term stability 
(>10,000 hours) demonstrated by aluminized 316 SS hardware in molten carbonate 
fuel cell applications at 650°C. Aluminizing treatment studies were focused 
on the Alon* commercial process. Alloys of AISI 304 and 316 SS, Inconel 600, 
and Incoloy 800 were aluminized by the Alon process, although only the AISI 
304 and 316 SS materials were experimentally tested in molten carbonate 
environments. Alonizing is a high-temperature (900° to 1000°C) pack- 
cementation process in which aluminum is diffused into the surface of the 
metal parts being treated. The process may be applied to a rather broad range 


*Alon Processing, Inc., Grantham St., Tarentum, Pa. 15084 
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of iron- and nickel-base alloys. This vapor-phase diffusion process results 
in a metallurgically modified surface zone containing a high concentration of 
aluminum. The concentration and depth of aluminum in this surface zone 
depends upon time and temperature of treatment and upon the chemical 
composition of the alloy being treated. Depending on alloy composition, the 
surface zone generally consists of aluminum-containing alloys or intermetallic 
phases formed in the Fe-Al, Ni-Al, or Fe-Ni-Al systems. Subsequent use of 
these aluminized materials in even slightly oxidizing environments at high 
temperature results in formation of A^C^-rich protective oxide layers, which 
afford enhanced resistance against oxidation, sulfidation, and carburiza- 
tion. The ”alonizing" process is used to protect heat exchanger and process 
equipment in numerous petroleum refining, petrochemical, and chemical 

CO CO 

applications requiring duty in severe environments . 

Adequate long-term stability of aluminum-containing or aluminized alloys 
will depend largely on their ability to form dense, adherent, and non-spalling 
reaction layers that are essentially insoluble in molten carbonate 
environments. In molten carbonate fuel cell applications, such corrosion 
protection is afforded by formation of LiAlC^-rich corrosion layers, which 
have very low solubilities in the eutectic electrolyte at 600° to 

700 °C use temperatures. Similar protection would be expected in L^CC^ - 
containing TES melts at higher temperatures provided that the LiAlC^-rich 
scales possess adequate physical and mechanical integrity to withstand thermal 
stresses generated during thermal charge/discharge cycling of the TES system. 

In addition, there is significant interest in the use of Na2C03~based 
carbonates for storage applications because of its relatively high heat of 
fusion (114 Btu/lb) and availability at a very low materials cost 
($0. 03/lb). In the case of pure ^2003 (858°C mp) and lower-melting ^300)3- 
based mixtures containing K2CO3 or BaC03, corrosion protection of aluminum- 
containing alloys would be dependent on the stability of NaA102 - rich scales. 
The solubility of NaA102 in molten ^3003 has been determined by two 
investigators^* ^ and has been found to be very low, as shown in Figure 39. 
The solubility is also very insensitive to temperature (activation energy of 
only -25.3 kcal/g-mol NaAlO^) from 21.15 molar ppm at 878°C to 24.5 ppm at 
1028°C. Thus, the low-solubility requirement for NaAlC^Tich scale protection 
of alloys in Na2CC>3-base melts is apparently satisfied. 


94 


INSTITUTE 


0 F 


GAS 


TECHNOLOGY 






Experimental results obtained for the aluminum-containing alloys and 
aluminized (alonized) AISI 304 and 316 SS capsule materials are summarized in 
Table 25. 

The carbonate salts employed for these tests were technical grades of the 
core salt mixtures, which spanned operating test temperatures from 750° to 
910°C. 


Surface aluminizing and testing was conducted on AISI 304 and 316 SS 
capsules identical in design to those in the core testing matrix (Figure 7). 
Fabrication/aluminizing of the capsules was completed in a five-step process: 

1. Initial welding of one capsule end cap to its capsule body 

2. Surface pack aluminizing of capsule body with one end weld and a separate 
"second” end cap. The threads of the "second" end cap and capsule body 
were "masked" by threading on sacrificial open-both-ends nipples and end 
caps (respectively) prior to aluminization. This would ensure final 
threaded fit of the "second" end-cap to its mate-capsule body after final 
salt loading. 

3. Final salt-loading 

4. Machining removal of aluminized coating at two key weld-contact areas (to 
facilitate final welding of capsule). This "unalonized" weld and mated 
thread end of the capsule was orientated as the "top" portion of any 
capsule in the test furnaces, opposite from the molten salt mixture 
during actual operation. 

5. Final welding of unalonized "second" end cap to the capsule body. 

The photomicrographs of Figures 40 and 41 reveal the pre-test structure 
of AISI 304 and 316 SS that have been pack vapor diffusion aluminized. In 
stainless steels that undergo this process, distinct diffusion zones typically 
result. Over 50% aluminum is present in the outer surface layer. The amount 
of aluminum decreases through the interraetallic zone to the alloy/substrate 
interface, at which point the aluminum content drops to zero. This diffusion 
zone (^29 and 23 mils in the AISI 304 and 316 SS samples, respectively) 
possesses the integrity of a true metallurgical alloy, with no holidays or 
voids. 


750°C Tests : The alonized AISI 304 SS capsules generally exhibited more 

superior resistance to corrosion than the untreated samples in technical 
grades of both 52BaC03~48Na2C03 and 50Na2C03-50K2C03« In each of these salts, 
alonized AISI 304 SS appeared relatively unaffected after 1344 hours of 
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Table 25. RESULTS OF ALUMINUM-CONTAINING ALLOYS/SALT COMPATIBILITY TESTS 


X 

O a 

X x 
X HI 

<3 C 
cd 
*3 


X 

c/3 

CM 

pH 

o 


a* 

B u 

a o 
H 


a 

cd 

o 


5^ 

Hi 


cd 

co 


X 


X 
CM CO 


0 ) 

d) ^ H Hi 

cn a) cd cx 

C >% a td a 

di cd co id 

T3 X X N (D 

3 h -d 

d) CO H *H 

cd x 

CJ Hi 

> o cd 
cd H u 
a 
X 


•H T> 

S X 
X 

X O 


I 

pH 0) 
CD Hi cd 
CO d) O H 

a >. o x 
a cd x hi 

TJ X cd 

a a 


o 

m 


cd 

o 

X 

a 

X 

a 

<D 

H 


CO 

O 

a 

CM 

cd 

2 

00 

< 1 * 

I 

CO 

o 

CJ 

cd 

PQ 

CM 

m 


c 

o 


0) CJ 

-o u c 

x a- 3 

x hi 03 cl i-> 
0X0) 

00 N 0) • 

CO H H -d X 

X rH X X • 

X n co cd x oo 


a i 

X X 
m cm iH 
o i a 

rH pH PQ 


0) 

03 


X 

O 


00 

rH T3 
o) a) 


o 

m 


cd 

o 

•H 

a 

X 

a 

0) 

H 


CO 

0 
u 

CM 

*3 

o 

m 

1 

CO 

o 

o 

CM 

cd 

2 

o 

m 


M 4- 
0) 

>% 

cd 


a 


-a e 

H T3 • 
X a n» 
o n cl 
d) h a 

pH pH pH 
X rl d) Cd d 

B cj cj 'a 

O C0 O H 
CM 0> X X x 

x i a 

CM 00 CO 


CO 

a co 

O HI 

U d) o 

O H d) 

Q- Cd X H 
CJ H H 
pH CO a d) 

X 


pH 

°, 


X 

a 

X 




a 


X 

X 



a 

a 


X 





S 

a 

CO 


o 

X 








X 

o 

X 

•H 


a 

TJ 

• 

X 


60 i-H 

a 

• 

X 


T3 

a 

a 




X 


T3 


• 

a 

CL 








< 

1 


S 

X 

o 

a 

HI 


m 

X 

a 

O 

HI 


-d- 

X 

X 

HI 





00 

X 


X 

CL X 









Hi 

X 


X 

CO 

N 

CL 

X 

rH 

X 

CL 

a 

CL 

o 

CM 

X 

H» 

a 




<T 

CM 

X 



a 

Hi 









<3 

X 

00 

o 

X 

X 

CL 

m 

1 

CO 

CO 

X 

CL 

CM 

1 

o 

Hi 

a 




CO 

1 

o 

a 

00 

a 

HI 










X 

1 


a 



o 

O 



a 


X 

CO 


X 





O 

X 


a 













CM 

X 


CO 



X 

i— 1 



C/3 


CM 

CM 


X 





X 

CM 


X 



























'a 


Hi 

a 



T3 






a 





T3 





CO 















X 





X 






X 

X 




X 




T3 

CO 














1 

a 


a 


1 

a 


X 

a 



a 




i 

a 




a 















a 

S 


pH 


n 



o 

o 



a 

00 



c 

S 




N 

X 














a 





3 




X 


CL 

a 




3 





•H 

X 















T> 

X 

a 



T) 


CO 

Hi 


O 


a 




o 




a 

CO 














a 

a 

<3 

o 


a 

a 


X 

CJ 


Hi 

TJ 

X 



C 

a 




o 















X 

N 


X 


X 

N 


X 

a 



a 

a 



X 

N 




X 

w 















X 

X 

HI 



X 


a 

a 

Hi 

X 

HI 

CJ 




X 




<3 

c n 














'O 

a 

X 

CJ 


•O 

a 



Hi 

a 

X 

a 

a 

• 


TJ 

a 





M 






. 








a 

o 

a 

a 

X 

a 

o 

X 

m 



B 

a 

X 

H» 

X 

a 

o 





< 













X 

X 

X 


a 


X 

X 


X 

X 

a 


Hi 

a 

CL 


X 

H 



















X 

a 


Hi 

X 

X 

a 

CM 

1 

< 

pH 

CO 

CJ 

a 

CL 

00 

X 

a 


















o 

a 


1 


ON 

a 


m 

CM 



1 




<r 

a 



















m 

Gh 


X 


X 

Eh 


m 

X 



CM 




X 

Eh 










-a 






























HI 






a 





a 


Hi 



a 




















CL 






N 




c 

X 


a 



o 






T3 






a 





*o 

a 


CL 




a 


X 




o 

a 

X 




X 


a 




X 


HI 




03 





X 

T3 




in 


o 


a 




•H 

o 

<3 

a 



a 


a 



i 

a , 


CO 




X 




1 

a 

X 


• 

X) 

co 


X 


X 




to 

CO 


X 



a 


X 



a 

S 1 


a 


T3 


X 




a 

3 

X 


X 

a 



HI 


£ 




o 


X 




a 

T3 

CJ 



a 



X 


a 


o 




a 


o 



N 

X 


CJ 


3 




u 

a 

O 

a 




X 

CO 




T3 



a 

N 










00 

•rH 

X 


a 


X 




u 

o 


o 



a 

a 




a 

a 


a 

X 

X 


X 




a 

a 

X 



a 

CO 


a 


a 




o 

X 

CO 

X 



X 

3 

X 



•H 

N 


X 


a 


•H 




X 

N 

X 


a 

o 



Hi 

a 


Hi 



u 

HI 

X 

HI 





X 




X 



X 

o 


s 

a 




X 

a 

a 

X 

X 

X 

X 


X 

X 

a 


X 


CJ 

X 

CJ 


X 

T3 

TJ 

a 


X 

•CJ 

a 


TJ 


X 

TJ 


X 




a 


X 

a 

< 

CD 


X 

a 

X 




1 — 1 

a 

S 

a 



a 

a 




a 

o 

X 

a 

o 

a 

X 

m 

a 


X 

a 

o 

oo 

a 

CJ 


X 

-d* 

X 

o 

a 

a 


'■tf 

•H 

a 


a 


00 

X 

N 

m 


>d- 

X 

X 


X 

o 

a 

a 

X 

CJ 



X 

X 

X 

o 

a 


<3 


a 

CO 


X 



a 

Hi 

CM 

Hi 


o 

X 

X 

• 


-d- 

X 

a 

00 

X 

X 

a 


l 

a 


00 

X 

a 

1 

a 

X 



co 



X 



CO 



• 



X 

a 




co 

a 


-•d- 

a 




CO 



'd' 

a 




a 



X 

o 


X 



X 

o 





X 

Eh 


X 


X 

Eh 


X 

Eh 




X 



X 

Eh 


X 


C/3 


o 

m 

oo 


a 

a 

H 

c 

X 

CJ 

<d 

H 


CO 

O 

cj 

CM 


O 

m 

oo 


a 

o 

*H 

c 

X 

o 

a 

H 


co 

o 

CJ 

CM 

*3 

0 

CM 

1 

CO 

o 

CJ 

CM 

a 

2 

O 

00 


Or.GiftAL PAGE 13 
OF P0GK QUALITY 


d) 

CO 

a 

a 

'a 


•a 

a 


x a 
a H 
a 

x a so cj 

X H a H CO 

e -h hi x 

<r x x a 

CO CM O 00 CO 

O I X 

H pH X 


a 

co 

U 


a 


a a H 
o 
a 


a 

a o 

O CO HI H 

co x cl a 
a CL X 


HI CO 

a h> 
a 

H 
pH O 

a 
i 

a 


o 

H 

ON 


a 

o 

•H 

a 

x 

CJ 

a 

H 


co 

O 

CJ 

CM 

a 

2 


o 

O' 


CJ 

•H 

C 

-C 

a 

0) 

H 


co 

O 

u 

CS| 

S*i 


97 


INSTITUTE 


0 F 


GAS 


TECHNOLOGY 







testing. Figure 42 exhibits the undisturbed 11-mil aluminum interraetallic 
layer over a 304 SS substrate. The comparative advantages of aluminizing are 
shown in the micrograph of Figure 43 and the bar chart of Figure 44. The 
unprotected 304 SS resulted in a slightly porous oxide scale with a 
significant amount of carbide precipitation in the grains and grain 
boundaries. Although the alonized samples' outermost (higher Al) layer 
(3.6 mils) did fissure slightly, the remaining 60% (5.5 mils) of the 9.2-mil 
diffusion zone remained intact and undisturbed. The slight carbide 
precipitation in the bulk, grain boundaries is solely the result of heat 
"sensitization." 

The alloy Arraco 12SR capsule bodies tested with technical-grade 52BaC03~ 
48^200^ resulted in a 3 to 7-mil scale with some areas of very dense gray 
oxide and others with holidays and voids (Figure 45) after 2616 hours. The 
50Na2CC>3-50K2C03 salt mixture, however, exhibited an enhanced corrosive attack 
to Arraco 12SR, with a 14 to 18-mil slightly spalled and porous oxide scale and 
carbide grain boundary precipitation (Figure 46) after 1050 testing hours. 

An optical micrograph of sectioned as-received one-half inch diameter 
Kanthal A-l rod is shown in Figure 47. The difference in characteristic grain 
structure between surface and midsample is possibly due to fabrication-related 
working effects. 

Kanthal A-l generally demonstrated excellent compatibility with 
carbonates from 750° to 910°C. After 2616 hours at 750°C, testing with 
technical-grade 52BaC02~48Na2C02 resulted in a dense A^O^-rich 3 to 4-mil 
scale. There were voids observed in the as-polished condition that became 
more prominent on etching as clustered heat-affect carbide precipitation and 
pick-out at the grain-boundary triple-point junctions, which decreased from 
subsurface to midsample (Figure 48). It is uncertain whether this difference 
in grain structure from edge- to mid-sample was nucleated from the observed 
disparate pretest f abrication/work-induced stresses or a salt-related 
effect. Testing in 50Na2C03-50K2CC>3 for 1056 hours revealed a uniform 1-mil 
reaction layer with 10 mils of a lightly pitted subscale region (Figure 49). 

A comparative ranking of the scaling/corrosion resistance of the core- 
and aluminum-containing alloys at 750°C is presented in Figure 44 for 
containment of technical-grade 50^2003-50^003. 


100 


INSTITUTE 


0 F 


GAS 


TECHNOLOGY 



ORIGINAL PAGE IS 
OF POOR QUALITY 


282 /x 
(II. I mils) 


101 


Figure 42. OPTICAL MICROGRAPH OF ALUMINIZED AISl 304 SS 
IN TECHNICAL-GRADE 52BaC0 3 -48Na2C0 3 FOR 1344 HOURS 
AT 750°C (160X) 


-- 




m. T f 9 \ ' ■ - , 

’ ■« , * . j J ' f 

• • - £ A/' * 

A V ' • ■ •*'«- W 






CRKaiTvAi. PAul: i3 
OF POOR QUALITY 


Figure 43. COMPARATIVE CORROSION LAYERS ON UNPROTECTED AND 
ALONIZED AISI 304 SS AFTER 1882 AND 1344 HOURS, 
RESPECTIVELY, IN TECHNICAL-GRADE 50Na 2 C0 3 ~ 

50K 2 C0 3 AT 750°C (160X) 
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Figure 45. OPTICAL MICROGRAPH OF ALLOY ARMCO I2SR IN 
TECHNICAL-GRADE 52BaC0 3 -48Na 2 C0 3 FOR 2616 HOURS 
AT 750 u ( 160X) 
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Figure 46. PHOTOMICROGRAPH OF ALLOY ARMCO 12SR IN 
TECHNICAL-GRADE 50Na 2 C03-50K 2 C03 FOR 
1056 HOURS AT 750°C (160X) 
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PHOTOMICROGRAPH OF SECTIONED AS-RECEIVED I /2-INCH-DIAMETER 
KANTHAL A-I "WIRE M /BAR (I60X) 
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52BaCOo-48Na 7 CO^ FOR 2616 HOURS AT 750°C (160X) 




OPTICAL MICROGRAPH OF ALLOY KANTHAL A-l IN TECHNICAL-GRADE 
50Na 9 C0o-50K 9 C0o FOR 1056 HOURS AT 750°C (160X) 






850°C Tests : Analysis of both alonized AISI 304 and 316 SS was obviated 

by a high incidence of capsule failures at 850°C. Capsule breaches 
consistently occurred at the previously described, top, "un-alonized" weld, in 
spite of following machining and welding procedures recommended for alonized 
structures. The failures appear to be attributed to a combination of 
aggressive corrosion mechanisms at the alonized SS/unalonized SS weld 
interface, possibly including — 

• Wetted, thin salt film crevice corrosion in the inner, unalonized threads 

• Inferior weld integrity related to decreased flowability of aluminum- 
containing molten weld metal 

• Galvanic coupling between the Fe-Cr-Ni-rich stainless steel weld and the 
surrounding aluminum-rich capsule metal. 

These weld "failures" resulted in very extensive attack after salt had leaked 
from the capsules because of the thin salt films formed on both the inner and 
outer capsule surfaces after leakage. This post-failure corrosion generally 
destroyed evidence related to actual material/salt compatibility. Alonized 
AISI 304 SS in 52BaC03~48Na2C03 and 50Na2C03-50K2CO-j failed after 1608 and 
1344 hours, respectively, at 850°C in the above mentioned weld area. 

One sample of alonized AISI 316 SS in technical-grade LI2CO3 failed in 
its weld after 48 hours at 850°C. The dense, protective nature of the 
aluminum-rich oxide coating (4 to 5 mils) can nonetheless be seen from 
Figure 50, with little discernible subscale or bulk effects. Another alonized 
AISI 316 SS capsule failed in its weld after 696 hours in technical-grade 
81Na 2 C03-19K 2 C03 at 850°C. 

Aluminized coatings for high-temperature carbonate TES containment do 
show definite promise of increased corrosion resistance, however, avoidance of 
unalonized final welds or far greater weld-washing times (to allow for 
diminished weld flowability in aluminum-rich alloys) should be seriously 
considered. 

Figure 51 shows alloy Arraco 12SR after 2620 hours in technical-grade 
Li2C03 at 850°C. Although the oxide scale was adherent and non-spalled, it 
was relatively porous and non-protective, resulting in a 23 to 25-mil-thick 
scale. 
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Figure 50. PHOTOMICROGRAPH OF ALONIZED AISI 316 SS IN 
TECHNICAL-GRADE Li 2 C0 3 FOR 48 HOURS AT 850°C (160X) 
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Figure 51. PHOTOMICROGRAPH OF ALLOY ARMCO 12SR IN 
TECHNICAL-GRADE Li 2 C0 3 FOR 2620 HOURS AT 850°C 
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Screening with alloy Kanthal A-l again resulted in a protective dense, 
dark gray 8 to 9-mil oxide layer when tested with technical-grade L^CO^ for 
2620 hours. As seen from Figure 52, this layer was followed by a 2 to 4-mil 
clean unreacted subscale and 4 to 5 mils of localized carbide pick-out. This 
isolated carbide pitting may be a residual effect of the edge-grain 
deformation resulting from the wire/bar stock processing steps (observed in 
the pretest wire/bar stock from Figure 46) compounded by continued service in 
the thermal sensitization region. This is supported by the fact that pick-out 
is edge-localized, with a relatively undisturbed bulk metal (midsample) 
region. A general corrosion resistance ranking of the core- and aluminum- 
containing alloys appears in Figure 53 for containment of technical-grade 
Li2C03 salt. 

910°C Tests : Analysis of alonized AISI 304 and 316 SS in salts at 910°C 
was again hindered by failures in the "unalonized” weld, with extensive attack 
after salt had leaked from the capsules. A capsule containing technical-grade 
Na2C03 failed during the last 100 hours of testing (total of 648 hours). 
Alonized AISI 304 SS in technical-grade K2CO3 failed after 650 hours at 910°C. 

As shown in Figure 54, alonizing offers improved corrosion protection 
with AISI 316 SS in technical-grade Na2C03 at 910°C. After 550 hours of 
testing, the 14 to 15-mil-thick alonized layer remained adherent and dense. 
When compared to a pretest photomicrograph of alonized AISI 316 SS (Figure 
41), the Na2C03 sample's top region (2 to 3 mils) appears to have become 
further oxidized (darker) or slightly carburized, although the remaining 
diffusion zone appears intact and relatively undisturbed. The sensitized bulk 
metal contains carbide grain boundary precipitation with no observable salt- 
related effects. Alonized AISI 316 SS in K2CO3 failed after 648 hours at 
910°C. 

Examination of alloy Arraco 12SR in technical-grade ^2003 revealed a 26 
to 28-mil slightly spalled oxide scale after 1034 hours at 910°C (Figure 55). 
The sensitized bulk matrix contained enhanced grain boundary carbide pre- 
cipitation and no evidence of salt penetration. 

Kanthal A-l in technical-grade Na2CC>3 resulted in a 1 to 3-mil 
protective, dense oxide with the previously mentioned edge-localized subscale 
pitting and a clean, undisturbed bulk metal matrix in 1034 hours at 910°C. 

The comparative advantages of aluminum-containing alloys at this elevated 

112 


INST 


T U T E 


0 F 


GAS 


TECHNOLOGY 


ORIGINAL PAGE IS 
OF POOR QUALITY 



TECHNICAL-GRADE Li,COo FOR 2620 HOURS AT 850°C 



2620 h 


OfKGiNAL PAGE 
OF POOR QUALiT? 



IT) o « O to o 

«Vi CJ - - 


si!uu ‘SS3NX0IH1 31V0S 


114 

INSTITUTE OF GAS TECHNOLOGY 


Figure 53. THICKNESS OF SCALES FORMED ON CANDIDATE ALLOYS AFTER 
1931 TO 3106 HOURS OF EXPOSURE TO TECHNICAL-GRADE Li 9 C0 9 AT 850°C 
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Figure 54. PHOTOMICROGRAPH OF POST-TEST ALONIZED AISI 316 SS 
IN TECHNICAL-GRADE Na 9 C0o FOR 552 HOURS AT 910°C ( 160X) 
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Figure 55. OPTICAL MICROGRAPH OF ALLOY ARMCO 12SR IN TECHNICAL-GRADE 
Na 2 C0 3 FOR 1034 HOURS AT 910°C ( 160X) 
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temperature are illustrated in the overall corrosion resistance rankings of 
Figure 56 for containment of technical-grade Na 2 C 0 ^ salt. 

The generally enhanced high-temperature (750° to 910°C) compatibility of 
especially Kanthal A-l (5.5 wt X Al-containing alloy) and alonized (in 
unfailed capsules) AISI 304 and 316 SS (aluminum diffusion coating) is 
consistent with the demonstrated long-term (> 10,000 hours) stability of 
aluminized stainless steels in 650°C fuel cell applications. Aluminum- 
alloying and/or -coating are, indeed, two promising methods of attaining 
improved high-temperature stability and corrosion protection at 750° to 
910°C. The high-temperature mechanical strength (sagging) and current 
availability of Kanthal A-l (produced in Sweden) in suitable fabricated 
configurations (plate and tube) are areas of question. Also, determination of 
an incremental cost increase factor for alloy aluminizing is primarily related 
to the volume a given piece occupies in a furnace retort and is therefore 
neither simplistic nor easily generalized. Evaluation of the economics of 
alloy coating is consequently a matter of future inquiry. Concentrated 
investigation into these two elements (alloying and/or coating) of our 
screening test matrix may further define the metallic-component/ 
processing/weldability requirements and long-term compatibility/strength 
limitations associated with carbonate containment in this high-temperature 
regime. 

Thermal Conductivity Enhancement Materials 

The objective of this subtask involved compatibility screening and 
evaluation of graphite and copper as potential TCE materials in the high- 
temperature solar thermal application range. Solid and reticulated copper and 
pyrolytic and ATJ graphite were screened in technical-grade 52 BaC 03 ~ 48 Na 2 C 03 , 
50 Na 2 C 03 - 50 K 2 CC> 3 , LI 2 CO 3 , Na 2 CC> 3 , and K 2 CO 3 with an argon cover-gas. (See 
Section 1.1.) A summary of the experimental results obtained for these 
materials compatibility tests conducted from 750° to 910°C is given in 
Table 26. 

Pyrolytic graphite was found to have reacted significantly with carbonate 
salt in every test. This may have been due to inherent weaknesses of its 
directionally oriented crystal structure (which results in a preferentially 
high thermal conductivity in one plane). ATJ graphite, however, was found 
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Figure 56. THICKNESS OF OXIDE SCALES FORMED ON CANDIDATE ALLOYS 
AFTER 550 TO 2300 HOURS OF EXPOSURE TO TECHNICAL-GRADE 

Na 2 C0 3 AT 910°C 
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through qualitative inspection to be relatively unaffected and compatible with 
carbonates from 750° to 910°C. 

A pretest optical micrograph of the reticulated matrix copper used in 
these tests appears in Figure 57. As mentioned in Section 1.1, the 
reticulated copper matrix was a high-porosity [96% porosity, 25 pores per cm 
(10 pores per inch)], thick [508 (20 mils)], hollow ligament powder 

metallurgy (PM) product from Rocket Research Inc. Figure 57 contains a cross 
section of one of the hollow ligaments of the matrix. It contains typical PM 
equiaxed, radially oriented, twinned grains of copper with a slight dispersion 
of particles of oxide. 

750°C : Generically, copper-in-argon environment demonstrated excellent 

compatibility with carbonate salts from 750° to 910° to 950°C. In both 
technical-grade 52BaC03~48Na2C03 and 50Na2C03“50K2C03, the copper solid 
samples especially were found relatively unaffected (after 2635 hours at 750°C 
in 50Na2CO-j-50K2C03) . The reticulated copper matrix was subject to oxide 
precipitation within the hollow ligament walls after 2635 hours in 52BaC03~ 
48Na2CC>3. 

850°C : Testing of copper in technical-grade Id^CC^ resulted in a 0.3 to 

0.7-mil reaction layer with a clean, unaffected subscale and bulk metal region 
after 2635 hours (Figure 58). 

910° to 950°C : An unusual reaction product formed on copper in 

technical-grade Na2C03 at 910° to 950°C. The copper (solid and 
reticulated) /salt samples were contained within an Inconel 600 capsule with an 
argon environment. Post-test examination of both copper specimens revealed a 
silver-gray reaction zone, which inhibited delineation with a standard copper 
etchant (ammonium hydroxide/hydrogen peroxide/water 1:1:1). X-ray 
fluorescence and chemical analyses indicated that the layer contained high 
amounts of nickel. Analytical determinations of percent Na, 003“, Ni, Cr, Fe 
by atomic adsorption are contained in Table 27 for both the pre- and post-test 
Na2C03 salt, revealing a 32% loss in carbonate and an increase in iron, 
chromium, and nickel from <0.02% pretest to 0.25%, 0.26%, and 0.10%, 
respectively. In this test environment, Ni from the Inconel 600 alloy capsule 
dissolved in the molten Na2C03, and the soluble species diffused through the 
melt and into the Cu matrix to form a Cu-Ni alloy. 
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I27 m 
( 5 mils) 

Figure 57. PRETEST OPTICAL MICROGRAPH OF RETICULATED COPPER 
TCE MATRIX (Cross Section of One Ligament, 160X, 
Etchant: Ammonium Hydroxide/Water/Hydrogen 

Peroxide 1:1:1 by Volume) 
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Figure 58. OPTICAL MICROGRAPH OF RETICULATED COPPER LIGAMENT (Hollow) 
IN TECHNICAL-GRADE Li 2 C0 3 FOR 2635 HOURS AT 850°C (Argon Environment, 
160X, Etchant: Ammonium Hydroxide/Water/Hydrogen Peroxide 1:1:1 

by Volume) 
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Task 2. Carbonate Salt Property Measurements 


Introduction 

Accurate salt property data (for example, heat of fusion, specific heat, 
melting point, volumetric expansion, and thermal conductivity) are required 
for adequate design and engineering of high-temperature latent-heat thermal 
energy storage systems. A review of available data for molten carbonates in 
the 700° to 900°C temperature range revealed some critical data gaps, as well 
as some apparent inconsistencies in existing data. 

In particular, the carbonate mixture 47.8 wt % Na2C03“52.2 wt % BaCC^ is 
reported^-* to melt congruently at 686°C. However, in lab-scale TES module 
experiments using this salt,^ thermal arrests were observed to occur in the 
712° to 717°C temperature range, indicating a slightly higher melting point 
than that reported. No other thermophysical property data for this salt have 
been reported. Its enthalpy and heat of fusion are needed to further assess 
its potential use as a TES storage medium. The incongruently melting mixture 
81.3 wt % Na2C03~18.7 wt % K 2 C0 3» which was estimated to melt over the range 
740° to 790°C, contains a large amount of Na 2 C 03 , which is low cost and has a 
high specific heat. This mixture forms a "slush” composition during thermal 
cycling, thus reducing the formation of solid salt layers on the heat 
exchanger surface, which particularly impedes heat transfer during thermal 
discharge. The magnitude of heat effects associated with melting/ 
solidification of this interesting mixture have never been measured. 

The melting point, heat capacity, and heat of fusion of the above salts 
were measured at Dynatech R/D Company* under a subcontract from IGT. The 
carbonate salt samples were prepared by fusion of Fisher reagent-grade 
materials. 

Melting Point Measurements 

Measurements of salt melting points were performed on a Netzsch 
Differential Thermal Analyzer (DTA) Model 404, which employs an alumina 
measuring head and alumina cups centered inside a closed-end alumina tube 
24 mm in diameter. Thermocouples [28-gauge platinum, 10% rhodium (ANSI 


*Dynatech R/D Company, 99 Erie St., Cambridge, Mass. 02139 
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Type S)] led to the measuring head through double bore alumina tubes. The two 
tubes containing the differential thermocouple fit inside and supported the 
sample and reference cups. The differential thermocouple thus sensed the 
difference between temperatures at the bottom centers of the cups. The third 
thermocouple, for readout of temperature, was in contact with the outside of 
the sample cup near the bottom of the sample. This thermocouple was 
referenced to 0°C and was connected to a Newport 2400 Digital Voltmeter with a 
resolution of ±1 yV. This thermocouple voltage was also displayed on the 
chart recorder for correlation of reactions with temperature. 

The Netzsch system was equipped with an automatic temperature controller 
that could sweep the temperature of the furnace from room temperature to 
1550°C at selected rates. The samples were run in a flowing helium atmosphere 
from RT to ~900°C, then back to RT. In the region 650° to 900°C, the heating 
and cooling rate was 10°C/min; some of the samples were heated to 650°C at a 
rate of 20° to 50°C/min and allowed to stabilize at that temperature for a few 
minutes before proceeding. 

All runs employed reagent-grade ignited AI2O3 powders as reference 
material; this material was run initially against an empty cup to ensure that 
no transitions occurred in the temperature range of interest. The system was 
then calibrated against NBS Standard Reference Material 759, ^CrO^, and 
against 99.9% nickel powder obtained from Alfa/Ventron. The former material 
exhibits a transition between 665° and 673°C, and the nickel melts at 
approximately 1453°C.* 

Results of the DTA measurements are presented in Table 28. As a check 
for the melting point measurements, 112003 and Na2C03 samples were also tested 
and acceptable results were obtained as shown in this table. The Na2C03~BaC03 
carbonate mixture showed a melting point of 716°C consistent with the thermal 
arrests (712°C to 717°C) observed in the TES module experiments.^ The ^2003- 
K2CO3 mixture melted between 742° and 813?C, with the liquidus temperature 
slightly higher than that estimated from the Na2C03“K2C03 phase diagram. (See 
Figure E-l in Appendix E.) 


*Touloukian, Y. S. and Buyco, E. H., Thermophysical Properties of Matter 4, 
"Specific Heat,” IFI/Plenum: New York, 1970. 
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Heat of Fusion and Specific Heat Measurements 


A high-temperature calibrated copper drop calorimeter was used to 
determine the heats of fusion and specific heats. The samples were dropped in 
an AISI 304 SS container from three temperaures below and three temperatures 
above their melting point. From the drops, after subtracting out the 
container enthalpy change, the enthalpy change curve for the samples in the 
solid and liquid phase was determined. 

From the AH curve and a knowledge of the melting temperature of the 
samples from the DTA measurements, the enthalpy change (heat of fusion) 
between the solid and liquid phase at T m could be determined: 

AH f . ( 4 K l - iH s l T - T m ( 4 ) 


where , 

AHp = heat of fusion 

AH l = enthalpy change from the melting temperature to RT 
for the liquid phase 

AHg = enthalpy change from the melting temperature to RT 
for solid phase. 

Results of these measurements are presented in Table 28 , along with 
previous estimates of heat of fusion and specific heat of the ^2003-1(2003 
mixture based on molar additivity and the rule-of-mixtures. 

Heat capacities and heats of fusion were determined by using a copper 
drop calorimeter, which involved enthalpy change measurements between room and 
various temperatures and at the melting point, respectively. The results are 
shown in Table 28 . Because heat of fusion data are not available for BaCO^, 
predictions of this property for the Na2C03~BaC03 carbonate mixture cannot be 
made. For the ^2003-1(2003 mixture, the specific heat determined experi- 
mentally from the measured enthalpy changes is higher than that estimated from 
literature values for pure ^2003 and K2CO3. The differences may be 
attributed to limited data points in the present measurements or to possible 
heat effects associated with solid-state phase transformations occurring 
within the experimental temperature range. Additional data are required in 
order to establish a more precise enthalpy curve for the solid phases of the 
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Na 2 CC> 3 “K 2 C 03 system. The measured heat of fusion for this salt mixture 
appears to be reasonable. The experimental value is well below that predicted 
from the rule-of-mixtures , with the difference being due to the heat-of-mixing 
effects. 
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CONCLUSIONS 


In this project, we — 

• Screened 100 material/salt combinations for containment/HX/TCE 
compatibility with carbonate salts in the high-temperature solar-thermal 
application range of 704° to 871°C. (Summary of material/salt 
combination number versus time appears in Figure 59.) 

• Tested nine potential containment/HX alloy materials and two TCE 
materials with six candidate solar thermal carbonate storage salts. 

Containment/HX Materials 


• AISI 304 and 316 SS — Reasonable good compatibility with carbonates to 
850 °C. AISI 304 SS exhibited an approximately parabolic corrosion rate 
in technical-grade 52BaC0o-48Na2C03 at 750°C extrapolated to 9 mils after 
1 year and 30 mils after 10 years exposure. AISI 316 SS exhibited 
somewhat better corrosion resistance in carbonates to 850°C, although its 
service at temperatures greater than 900 °C should be limited to short- 
term testing only. 

• AISI 310 — Exhibited less oxidation (greater corrosion protection 
potential) than 304 SS or 316 SS, with dense stable scale formation, 
although it was susceptible to intermetallic sigma-phase precipitation at 
750°C and above. Testing at 910° to 950°C indicated more complex and 
severe corrosive attack, possibly related to sigma-phase dissolution. 
Further work is required to assess the significance of sigma phase on 
310 SS structural integrity under cyclic and steady-state TES service 
conditions. 

• Inconel 600 — More corrosion resistant (along with Incoloy 800) to 
molten carbonates from 750° to 950 °C than AISI 304 or 316 SS. Although 
it contains 75% nickel and represents the highest priced "core" 
containment material tested ($12/lb of bar stock compared to $9/lb for 
Incoloy 800 and $l/lb for 304 SS), there was little gained in corrosion 
resistance to carbonates in this temperature range over Incoloy 800, with 
the exception, perhaps, of containing specifically technical-grade 
(850°C) or Na 2 C 03 (910°C). Nevertheless, its apparent linear corrosion 
rate in Na 2 C 03 at 910°C indicates a need for further materials 
development efforts for TES containment and operations activities above 
900°C. 

• Inc °lov 800 — Exhibited the best overall corrosion resistance from 800 

to 3000 hours in molten carbonates from 750° to 910° to 950°C (although 
effective medium-terra containment may be more economically achieved with 
316 SS or a modified, sigma-phase-free 310 SS: $2 and $3/lb of bar 

stock, respectively, compared to ''$9/lb for Incoloy 800). It is the 
preferred, economical containment for short- to mid-term work over 
Inconel 600 in carbonates to 910°C. 

• Pack Vapor Diffusion Aluminized AISI 304 and 316 SS — Aluminized AISI 
304 SS demonstrated superior corrosion resistance over uncoated AISI 304 
SS in carbonates from 600 to 1300 hours at 850°C. Although the 
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Figure 59. SUMMARY OF MATERIALS/ SALTS COMPATIBILITY TEST MATRIX 
(Number of Materials/Salt Combinations Tested vs. Time) 
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aluminized 304 SS test capsules failed in an "unaluminized” weld at 
910°C, there is indication that aluminized coatings will remain dense and 
adherent and offer improved corrosion resistance over 304 SS at this 
highest temperature regime in carbonates. Although testing with 
aluminized 316 SS was likewise greatly hindered by capsule failure in an 
"unaluminized" weld, the enhanced corrosion protection and compatibility 
of aluminized 316 SS in carbonates was indicated by 550 hours in 
technical-grade Na 2 C 03 at 910°C with minimal degradation of the 15-mil 
diffusion aluminized layer. 

• Armco Alloy 12SR — This ferritic stainless alloy exhibited adequate 
compatibility with carbonates to 750 °C, and may be considered preferred 
over AISI 304 or 316 SS for mid-term testing from an economic ($1. 03/lb 
Armco 12SR, $1. 07/lb 304 SS, and $1. 86/lb of 316 SS bar stock) and 
corrosion resistance viewpoint. Above 850°C, this metal's oxidation 
rates were found to be unacceptably high. 

• Kanthal A-l — This Al 203 ~f orming material is attractive for containment 
of molten carbonates for the high-temperature, solar-thermal power 
application range of 704° to 871°C. It demonstrated satisfactory short- 
to mid-term corrosion resistance and compatibility with carbonate salts 
for 1000 to 2600 hours at 750° to 910°C, especially with technical-grade 
Na 2 C 03 (for 1034 hours at 910°C). However, its high-temperature strength 
properties- are questionable, and it is presently available only in wire, 
ribbon, and rod stock, therefore, limiting its potential practical 
application in TES systems. 

TCE Materials 


• Graphite — 

- Pyrolytic ; Found to react significantly in carbonates under an 
argon environment from 750° to 910°C, precluding its use in these 
applications. 

- AT J : Observed to be compatible with and unaffected in carbonates 
with an argon environment above melt for 1320 to 2710 hours at 750° 
to 910°-950°C. 

• Copper — Both solid and porous reticulated matrix forms of copper are 
attractive in molten carbonates with an argon environment above the melt 
at 750° to 910°-950°C. Demonstrated excellent compatibility in this 
range for ''2700 hours in five tests. 


Salts 


• Carbonate salts are extremely attractive thermal energy storage media 
candidates for the high-temperature, solar-thermal power application 
range of 704° to 871°C. 

- Possess excellent thermal, chemical, and physical properties and 
stabilities 
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Safe and simple handling, transportation, and operating procedures 
can be used. 

• Carbonates can be melted, loaded, and container-welded in an air 
environment safely and acceptably. 

• High-temperature, steady-state testing with one to five free-cool thermal 
cycles did not affect physiochemical properties of any of the carbonate 
salts studied for up to 3100 hours at 750° to 910°C. 

• Technical-grade versions of the six salts tested generally exhibited a 
slightly higher corrosive attack with time than their reagent-grade 
counterparts. This salt-chemistry/corrosion difference does not, 
however, become the sole life-limiting aspect of any one compatibility 
scenario. 

General Considerations for Containment of High-Temperature Carbonate Salts 

• Long-term containment of molten ^200^ and K^CO^ and storage applications 
at temperatures above 900°C, in general, represents a considerable 
materials challenge requiring additional development and testing. 

• Welds for high-temperature molten carbonate TES applications require 
extremely low porosity. 

• In applications of coatings, uncoated weld areas should be minimized and 
far greater weld-washing times should be implemented to allow for 
diminished weld flowability in aluminum-rich alloys. 

• ^l2°3~f orbing alloys are attractive for containment of molten carbonates 
from 750° to 910°C because of the protective nature of alkali aluminate 
corrosion products formed. 
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RECOMMENDATIONS FOR FUTURE RESEARCH 


• Chemical alloying modifications of AISI 310 SS should be investigated to 
produce a 310 SS-like material that is less susceptible to brittle, 
intermetallic sigma-phase precipitation in high-temperature (750° to 
910°C) applications. This may possibly be achieved through variation of 
chromium or nickel composition or by additions of aluminum, which may 
further result in an attractive Al 203 ~f orming family of alloys. 

• Pursue high-temperature materials research of aluminum-oxide forming 
materials through alloy and/or coatings development efforts to define the 
metallic-component/processing/weldability requirements and long-term 
(>8000 hour lab tests) compatibility/strength limitations for carbonate 
containment and TES applications in the 750° to 910°C temperature range. 

• Maintain integrated programs that assess and analyze the systems 
cost/benefit trade-offs involved in tube-intensive TES subsystem HX 
concepts and use of TCE materials in these tube-intensive HX applications 
in the 750° to 910°C temperature range. 

• Pursue generic research and development into other (that is, non-tube- 
intensive) TES media, insulation, working fluid, HX, and resultant 
containment schemes that may potentially offer further cost and 
performance benefits over current, state-of-the-art sensible and/or 
latent heat TES systems for solar/industrial-related applications in the 
elevated temperature regime of 750° to 910°C. 


176/RPE/ms-tes 
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Table A-l ,. Part I. SUPPLIERS OF SPECIFIC 

CARBONATE SALTS 

TECHNICAL-GRADE 

Company 

Location 

Lithium Carbonate, Li2C03 


Atomergic Chemetals Co. 

Plainville, NJ 

J T Baker Chem. Co. 

Phillipsburg, NJ 

Ceramic Color & Chem. Co. 

New Brighton, PA 

Chicago Vitreous Corp. 

Chicago, IL 

Foote Mineral Co. 

Philadelphia, PA 

General Color & Chem. Co. 

Minerva , OH 

Lithium Corp. of America 

Gastonia, NC 

United Mineral & Chem. Co. 

New York, NY 

U.S. Borax & Chemical Corp. 

Los Angeles, CA 

Sodium Carbonate, Na2C03 


BASF Wyandotte Corp. 

Wyandotte, MI 

J T Baker Chem. Co. 

Phillipsburg, NJ 

Ceramic Color & Chem. Mfg. Co. 

New Brighton, PA 

Chicago Vitreous Corp. 

Chicago, IL 

Diamond Shamrock Chem. Co. 

Cleveland, OH 

FMC Corporation 

Ext on, PA 

Harshaw Chem. Co. 

Chicago, IL 

Kaiser Chemicals 

Oakland, CA 

Kerr-McGee Chemical Corp. 

Oklahoma City, OK 

Stauffer Chemical Co. 

Westport, CT 

United Mineral & Chem. Corp. 

New York, NY 
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Table A-l, Part 2 . SUPPLIERS OF SPECIFIC TECHNICAL-GRADE 

CARBONATE SALTS 


Company Location 


Potassium Carbonate, K2CO3 


Chicago Vitreous Corp. 

Chicago, IL 


General Color & Chem. Co. 

Minerva, OH 


Hooker Chemicals and Plastics Corp. 

Niagara Falls 

, NY 

IMC Chem. Group. Inc. 

Boston, MS 


Kaiser Chemicals 

Oakland, CA 


Shepard Chem. Ind. Inc. 

New York, NY 


Barium Carbonate, BaC03 

J T Baker Chem. Co. 

Phillipsburg, 

NJ 

Barium & Chem. Inc. 

Slenlenville, 

OH 

Chemical Products Corp. 

Cantersville, 

GA 

FMC Corp. 

Exton, PA 


General Color & Chem. Co. 

Minerva, OH 


Hammill & Gillespie, Inc. 

Livingston, NJ 

Harshaw Chem. Compnay 

Chicago, IL 


IMC Chem. 

Boston, MA 


Shepard Chemical Ind. Inc. 

New York, NY 


Sherwin Williams Chem. 

Toledo, OH 


United Mineral & Chem. Corp. 

New York NY 


Calcium Carbonate, CaCC>3 

American Pelletizing Corp. 

DesMoines, Iowa 

Anglo-Amer. Clays Corp. 

Atlanta, GA 


J T Baker Chem. Co. 

Phillipsburg, 

NJ 

Barium Chem. Inc. 

Steubenville, 

OH 
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Table A-l, Part 3. SUPPLIERS OF SPECIFIC TECHNICAL-GRADE 

CARBONATE SALTS 

Company Location 

Calcium Carbonate (Cont'd) 


Calcium Carbonate Co. 

Quincy, IL 

Diamond Shamrock Chem. Co. 

Dallas, TX 

General Color & Chem. Co. 

Minerva, OH 

General Electric Co. 

Schenectady, NY 

Harrisons & Crossfield 


Ohio Lime Co. 

Woodville, OH 

Pzier Minerals 

New York, NY 

United Mineral & Chem. Corp. 

New York, NY 

Ventron Corp. Alpha Prods. 

Danvers, Mass. 

Magnesium Carbonate, MgC 03 


Aremco Prods. Inc. 

Ossining, NY 

J T Baker 

Phillipsburg, NJ 

General Color & Chem. Co. 

Minerva , OH 

General Electric Co. 

Schenectady, NY 

Harshaw Chem. Corp. 

Cleveland, OH 

Michigan Chem. Corp. 

St. Louis, MI 

United Mineral & Chem. Corp. 

New York, NY 
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Table B-l. SUPPLIERS 
Company 

Aeromet Inc. 

Allegheny Ludlum Steel Corp. 

Armco, Eastern Steel Division 

Carpenter Technology 

Climax Molybdenum Co. 

Huntington Alloys, Division of 
International Nickel Co. 

J L Steel and LTV Co. , Specialty 
Steels Division 

Kanthal Corporation 

Republic Steel 

Rolled Alloys 

Sandmeyer Steel 

Sandvik, Inc. 

Special Metals 

Stellite Division, Cabot Corp. 
Universal Cyclops 
Wisconsin Centrifugal 


OF ALLOY CONTAINMENT MATERIALS 

_ Location 

Englewood, NJ 
Palatine, IL 
Middletown, OH 
Reading , PA 
Greenwich, CT 
Huntington, WV 

Pittsburgh, PA 

Bethal, CT 
Cleveland, OH 
Detroit, MI 
Philadelphia, PA 
Fair lawn, NJ 
Wheaton, IL 
Elmsford, NY 
Melrose Park, IL 
Waukasha, WI 
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APPENDIX C, Suppliers of Thermal Conductivity Enhancement Materials 
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Table C-l. SUPPLIERS OF TCE MATERIALS 


• Astromet Associates, Incorporated; (Cincinnati, OH) porous, sintered 
and impregnated powder metallurgical structures 

• Foametal Incorporated; (Willoughby, OH) low density, sintered reticu- 
lated cellular powder metal products 

• Rocket Research Company (WA) ; open cell foams prepared by electro- 
plating, powder metallurgy, or casting 

• Union Carbide (NY); pyrolytic and ATJ graphite, and pyrolytic 
boron nitride 

• Vicarb Corporation; impregnated graphite heat exchangers 

In addition, the following companies were contacted as potential suppliers 
of specially configured, high-performance heat exchange products. 

• APV Processing Equipment, Tonawanda, N.Y. 

• Astro Metallurgical Corporation, Wooster, OH 

• Bastex Corporation, Indianapolis, IN ' 

• Berdell Industries, Inc., Long- Island City, N.Y. 

• Brown Fintube Company, Tulsa, OK 

• Escoa Corporation, Elk Grove Village, IL 

• John Zink Process Systems Comapny, Tulsa, OK 

• Myren Multicoil Company, Oslo, Sweden 

• Noranda Metal Industries, Newtown, CT 

• Panelcoil Company, Brooklyn, N.Y. 

• Rome Turney Radiator Comapny, Rome, N.Y. 

• Slant/Fin Heating, Greenvale, N.Y. 

• Tranter Corp. , Tulsa, OK 

• Vogt Machine Comapny, Louisville, KY 

• Voss Finned Tube Products, Medina, OH 

• Young Radiator Company, Racine, WI 
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Table D-l 


CONVERSION FACTORS 


Non-SI Unit 

Operation 

SI Unit 

atm 

X 1.013 X 10 s 

Pa 

Btu 

X 1055.06 

J 

Btu/lb 

X 2326.00 

J/kg 

Btu/lb-°F 

X 4186.80 

J/kg-K 

Btu/hr-f t-°F 

X 1.731 

W/m-K 

Btu/hr-ft 2 -°F 

X 5.678 

W/m 2 -K 

Btu/hr-ft 2 

X 3.154 

W/m 2 

Cal 

X 4.18 

J 

°C 

+ 273.15 

K 

cP 

X 0.001 

Pa- s 

°F 

(5/9) (°F-32) 

°C 

ft 

X 0.3048 

m 

ft 2 

X 0.0929 

m 2 

ft 2 /hr 

X 0.0000258 

m 2 /s 

ft 3 

X 0.0283 

m 3 

in. 

X 0.0254 

m 

in. 2 

X 0.00064516 

m 2 

lb 

X 0.4536 

kg 

lb/ft 3 

X 16.018 

kg/m 3 

lbm/ft 2 -s 

X 4.882 

kg/m 2 -s 

mil 

X 0.0000254 

m 

psia 

X 6894.8 

- — — Pa 
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APPENDIX E. Carbonate Phase Diagrams 
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